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SUMMARY

The overall objective of the Small High-Pressure Hydrogen Turbopump Program is
to establish the technology base for pumping small quantities, 2.72 kg/s

(6 1b/sec), of hydrogen to high-pressure levels, 3174 N/cmZ (4600 psi). Planned
future applications in rocket engines for orbital transfer vehicles require, in
general, high overall turbopump performance and. specifically, high pump suc-
tion capability. Turbopumps in this category are needed for applications in
small, high-performance reusable, versatile, staged-combustion and expander-
cycle rocket engines.

Prior effort on the small high-pressure hydrogen turbopump has been accomplished
by Rocketdyne, under the direction of NASA-~Lewis Research Center (LeRC) (Con-
tract No. NAS3-17794). This effort included fluid-dynamic and mechanical
analyses and design to establish a configuration thal would best meet the design
requirements located in Table 1. To accomplish the above design objective,
analysis and design effort was expended to produce specifications and shop draw-
ings in sufficient detail to permit fabrication of test hardware. The design
shown in Fig. 1 includes a three-stage centrifugal pump with radial diffusers
and internal crossovers. Power to the pump is developed by an axial-flow, two-
stage, reaction-type turbine, using the combustion products of liquid hydrogen
(LH») and liquid oxygen (LO2). Kotor axial thrust control is provided by
incorporating a self-compensating, double-acting balance piston as an integral
part of the third-stage impeller rear shroud. The rotor is supported on a pair
of angular contact ball bearings on each end. All bearings are cooled by
recirculating LHp internally througi them. A floating-ring, shaft-riding seal
is used to prevent turbine hot gases from entering the pump region. The design
spced of the rotor was established at 9947 rad/s (95,000 rpm). The nominal
desigu parameters for the pump and turbine are listed in Tables 2 and 3,
respectively.

Hardware for two turbopump assemblics was fabricated. Two types of impellers
were included: (1) an integral impeller whose flow passages were formed by
electrical-discharge machining (EDM), and (2) a split impeller, which was
fabricated by machining in two pieces then welding to form the assembly.

The Ll turbopump assembly was tested at LIMA stand of Rocketdyne's Advanced
Programs Test Facility. The assembly was per RS009601E, Appendix A.

Three test series have been performed. A complete summary of the tests con-
ducted to date is included in Table 4., Ten tests were conducted on the first
test series on one turbopump assembly, accumulating a total time of 884 seconds.
Liquid hydrogen was used as the pump fluid, and the turbine was propelled by
ambicnt-temperature gascous hydrogen (GH2). The test speed ranged up to

9739 rad/s (93,000 rpm). Pump discharge pressuces ranging up to 2883 N/cm?
(4182 psia), and flowrates up tu 0.032 m3/s (509 gpm) were generated. The max-
imum attained speed and output were limited by the avoilable facility pressure
of the turbine drive gas.




TABLE 1. MARK 48-F TURBOPUMP NOMINAL DESIGN CONDITIONS

Pump SI Units English Units
Type Centrifugal
Propellant LH2 X
Inlet pressure 49 N /em? 71 psia
Inlet temperature 21-23 K 38-41 R
Discharge pressure 3140 N/cm 4560 psia
Mass flow 2.74 kg/s 6.04 1b/sec
Number of stages 3
Turbine
Working fluid 0 /My combusticn products (Hp x H20)
Inlet temperature 1033 K 1860 R
Inlet pressure 2360 N /cm2 3420 psia
Pressure ratio Minimum necessary to develop
pump horsepower requirements
Flowrate 3.02 kg/s 6.66 1b/sec
Number of stages 2
Type Full admission
Turbopump

Capable of operation at pumped-idle conditions, i.e., approximately 5 to 10%
full thrust

0ff-design operation: +20% QM at full thrust down to 30%
QM at 20% N

Service life between overhauls:  *300 thermal cycles or 10 hours accumu-
lated run time

Service-free life: *60 thermal cycles or 2 hours accumu-
‘ated run time

Maximum sinale run duration: 2000 seconds

Maximum time between firings

during mission: 14 days

Minimum time between firings

during mission: 1 minute

Maximum storage time in orbit

(dry): 52 weeks

*Thermal cyclie defined as engine start (to any thrust level) and shutdown.
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TABLE 2. MK 48-F PUMP NOMINAL DESIGN PARAMETERS

Crossover Inlet Angle

Crossover First-Row Discharge Angle
Crossover Seconu-Row Inlet Angle
Crossover Second-Row Discharge Angle
Isentropic Head/Stage

Overall Isentropic Head

Stage Head Coefficient

Impeller Inlet Flow Coefficient
(First Stage)*

Impeller Inlet Filow Coefficient
(Second and Third Stage)*

Impeller Discharge Flow Coefficient
(First Stage)*

Impeller Discharge Flow Coefficient
(Second and Third Stage)

Stage Isentropic Efficiency
Overall Isentropic Efficiency
Shaft Speed

Pump Power

Required NPSP

*Value based on zero blockage

0.206 radian
0.471 radian
0.394 radian
1.047 radians
15,647 m
41,415 m
0.576

0.159

0.194/0.1875
0.07M
0.086

70.0%

58%

9946 rad/s
1896 kW
406 m

SI Units English Units
Number of Stages 3 3
Impeller Inlet Tip Diameter 4.826 cm 1.90 inches
Impeller Inlet Hub Diameter 3.099 cm 1.22 inches
Impeller Inlet Angle at Tip 0.28 radian 16 degrees
Impeller Inlet Angle at Hub 0.45 radian 26 degrees
Number of Impeller Vanes at Inlet 6 6
Number of Impeller Vanes at Discharge 12 12
Impeller Discharge Diameter 1C.31 ¢m 4.058 inches
Impellc Discharge Angle 0.655 radian 37.5 degrees
Impell.. Discharge Width 3.81 mm 0.150 inch
Impeller Tip Speed 512.97 m/s 1683 ft/sec
Vaned Diffuser Inlet Diameter 11.07 cm 4.36 inches
Vaned Diffuser Discharge Diameter 13.91 cm 5.48 inches
Number of Diffuser Vanes 11 11
Diffuser Passage Width 3.81 mm 0.150 inch
Crossover Inlet Diameter 13.72 cm 5.4 inches
Crossover First-Row Discharge Diameter 9.779 cm 3.9 inches
Crossover Second-Row Discharge Diameter 6.35 cm 2.5 inches

11.8 degrees
27 degrees
¢6.6 degrees
60 degrees
51,334 feet
135,876 feet
0.576

0.159

0.194/0.1875
0.071
0.086

70.0%

58%

95,000 rpm
2543 hp
1332 feet

i eakamaian AR A Y i g
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MK48-F TURBINE DESIGN PARAMETERS

AT BTN e

Rbhade sl R S

Mass Flowrate, 1b/sec

= 6.66

SI Units
1 2

Stage N-1 1-R N-2 2-R
Pitch Diameter (DM), cm 8.89 8.89 8.89 8.89
Number of Elements (Z) 41 52 41 52
Height , cm 0.711 0.7237 0.762 0.838
Throat Area, cm? 4.55 « 6.50 5.34 8.14
Inlet Angle, rad 1.57 0.65 1.24 0.70
Exit Angle, rad 0.30 0.40 0.31 0.42
Pitch Line Velocity (U), m/s - 442 - 442
texding Edge, mm 2.39 1.12 0.69 1.12
Trailing £dge (R), mm 0.18 0.18 0.18 0.18
Speed, rad/s = 9947
Overall Pressure Ratio = 1.443
First-Stage Reaction, *. =29.7
Second-Stage Reaction, © = 26.0
Second-5Stage U/Cq = 0.483
Second-Stage Power. kW = 1829
Mass Flowrate kg/s = 3.02

[ English Units
T - R — - >
e L U

stage N-1 1-R N-2 2-R
Pitch Diameter (DM), inches 3.500 3.500 3.500 3.500
Number of Elements (Z) 41 52 4] 52
Height | inch 0.280 0.290 0,300 0.330
Throat Area, in.? 0.705 1.008 0.827 1.261
Inlet Angle, dogrees 90 37.5 70.8 40
Exit Angle, degrees 17 23 18 24
Pitch Line Velocity (U}, ft/sec - 1451 - 1451
Leading Edge, inch 0.094 0.044 R = 0.627 0.044

(CHlipse) (ENlipse) (ENipse)

Trailing Edae (R). inch 0.007 0.007 0.007 0.007
Speed, rpm = 95,000
Overall Pressure Ratio = 1,443
Firct-Stage Reaction, ¥ : 9.7
Second-Stage Reaction, « = 26.0
Second-Stage U/C, = 0,483
Second-Stage Power, hp = 2,443
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The initial test series successfully demonstrated, in a single build of a new
design, its operating capability to near design speed., Required performance
goals were also approached; however, several areas were identified where design
deficiencies existed. Analysis of the fluid dynamic data revealed that, at
speeds below 8376 rad/s (80,000 rpm), the generated pump head was as predicted
and the pump isentropic efficiency was slightly higher than predicted (Fig. 2 and
3. At speeds approaching the design level, and at high flows at lower speeds,
the performance of the pump first stage deteriorated, causing the overall head to
fall below the predicted value, indicating a cavitation problem in the first
stage. The data also disclosed higher-than-predicted temperatures for the
coolant of both bearing sets. The suction performance characteristics were not
specifically defined on the initial test series.

The purpose of the technical effort covered by this final report was to identify
the exact cause of the discrepancies ncted above, incorporate corrective modifi-
cations, and demonstrate the effectiveness of the modifications by testing. In-
depth analysis of the coolant loop of the rear bearing revealed the need for
modifications to obtain a higher coolant flow to the turbine-side seal and the
turbine bearings. This was done by enlarging the orifices in the supply lines in
the turbine housing and by increasing the number ot flow passages in the seal
housing. The front bearing coolant flow initially originated from the first-
stage impeller rear shroud, and was routed along the shaft to the front bearings
for cooling., The flow then entered the first-stage impeller eye. These test
data indicated that high bearing temperatures were exhibited in the initial test
series. This was due to the warm hydrogen being taken from the first-stage
impeller rear shrcud. A new coolant loop was developed by routing the fluid from
the first-stage impeller inlet housing guide wall and passing it through the
bearings and discharging it overboard. It was expected that these modifications
of rerouting the hot bearing flow from entering the impeller eye would improve
the suction performance as well as provide coolant to the bearing at a reduced
temperature. The modifications were completed, and in January 1978, a single
test of 136 seconds duration was conducted with these modifications, with nega-
tive results in terms of suction performance, The head-flow characteristics are
compared with the previous scroll inlet data in Fig. 4.

Subsequently, a comprehensive a‘alysis was conducted, supported by component
testing to define the hydrodynamic conditions in and around the first-stage
impeller. The results of this effort disclosed that the primary cause of the
poor suction performance was that part of the front wear ring flow was vaporizing
and, as a result, a large-volume flow was ingested into the first-stage impeller,
which caused blockage at the impeller inlet for the through flow, which then led
to cavitation in a section of the impeller. The tangential inlat housing was
identified as a less significant contributor to the problem in that it did not
introduce the fluid to the impeller at the optimum incidence angle.

A total of 16 modifications were analyzed. Based on the trade study results, the
impeller inlet area was enlarged and an inducer was incorporated immediately
upstream of the impeller. The inlet housing was modified to an axial-flow type
to provide room for the inducer and to obtain an exact fluid vector angle. The
axial inlet turbopump configuration is illustrated in Fig. 5 and per 9R0011560,
Appendix B,
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Figure 2. Mark 48-F Pump Performance With Scroll Inlet (1976)




(uoriean8yjyuo)y 1I3TUI TT01DS) Aouato133d dung J-8% AW

8E-9€2 (s/av¥)/(s/gn) N/O
4OL X 0'S oy
WdU/Wd9 'N/O
201 X 80 Lo

000's9> Wa>00008 >
000'08>nats>00059 ()
Wau>00008 ()

SEZS>S/AVH>SP9E
9089>S/QVH>SETS 4
SLES>S/AVH>9089

S/avu>9LES

JONVY 03348 1831

(wdt 000°S5)
S/GVY L9668 1V 031010384
000'05>W4t>000'sE  \/ :

‘¢ 22n313

11

% ‘AON3101443 JIdOHLN3SI




|
: PREDICTED
]
4500}—
: 3000 —
,' 9947 red/s
4000 — {95,000 rom)
SHADED SYMBOLS: FIRST TEST SERIES (1976) ‘
i OPEN SYMBOLS: SECOND TEST SERIES (1978) 1
| 3500
N: 3000
2000— =<
a
o~ w
§ 7]
3 T 2600}
2 w 7863 rad/s
g o
2 2 (75,000 rpm)
@ 3
< € 2000—
a
w
[+ o
Y
1000} 15001~ 6282 red/s
(60.000 rpm)
1000+
4712 rad/s
500
{46,000 rpm)
L IR R R - 1

0 1.0 20 3.0 40 5.0 8.0 70
DISCHARGE FLOW, ibfsec

e

| | | ] ;

0 1.0 20 30

DISCHAHGE FLOW, ka/s

Figure 4, Mark 48-F rump Performance With Scroll Inlet 4

12

o~




TRTAATs e AT TR R w-q‘
Y

I9TuIl TeIXV Yyirm dundoqiny j-g4 Niew °¢ 2an313

13




ChI e A TR

A total of 19 tests with 1353 seconds total time were performed on this
configuration during the interval of June-September 1979 (Table 4).

The results of the testing indicated that the modifications implemented have
resulted in a pump with excellent suction specific speeds. Values in excess of
36.7 (rad/s) (m3/s)%/(J/kg)3/4 = (100,000 rpm - gpm%/ft3/4) were obtained

(Fig. 6). The pump was tested at engine jdle mode conditions (2400 rad/sec,
23,000 rpm), where a capability of operating at zero NPSH without head loss was
demonstrated (Fig. 7).

With the cavitation effects removed, the head generated by the pump exceeded
design requirements, and the pump isentropic efficiency was higher than predicted
(Fig. 8 and 9). A pump stall condition at low flow was detected on the last test
(019), and these data are summarized also in Fig. 8 and 9.

During the testing, a resonance condition was identified around 92,000 rpm with
an increase in vibration levels. Although indications were that it was a hous-
ing or test stand response, additional effort will be needed to isolate and
eliminate this phenomenon.

The high-temperature level of the front bearing coolant noted in prior testing
evidently was caused by heat soakback from the massive instrumentation cap.
With the axial inlet, the temperature rise was minimal. Minor changes intro-
duced in the turbine end bearing coolant system also corrected high temperature
levels of the coolant emanating from the bearing.

From the standpoint of mechanical integrity, the turbopump operated well. Dis-
assembly of the unit disclosed a crack in a nonstructural weld in the second-
stage impeller which was traced to a weld quality deficiency. All other compo-
nents were found in excellent condition.
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INTRODUCTION

System studies have been conducted to determine the feasibility of develcpiug a
reusable vehicle for performing future Air Force and NASA space maneuvering
missions. These studies have shown that, over the thrust range of interest,
high-pressure, staged-combustion-cycle engines offer the highest specific
impulse and payload capability. A review ot the vehicle and engine system study
results indicates that a single-bell-nozzle, staged-combustion-cycle engine at
88,964 N (20,000 pounds) thrust level is near optimum for the DOD and NASA mis-
sion requirements.

This program was initiated to provide the required hydrogen turbopump technol-
ogy base for subsequent development of a high-performance, staged-combustion
rocket engine. Studies have indicated that, with minor modifications, this
turbopump configuration can also be applied to expander cycle engines in the
same thrust range.

Technology items of particular inierest during the course of th. "current devel-
opment program include fabrication of impeller passages by EDM; split impeller
design and fabrication techniques; balancing of small, high-speed, multipart
shafts; hydrogen-embrittlement protection; balance piston design and operation;
high DN bearings; and assembly and measurement procedures for small turbopump
assemblies.

The objectives of this program were to design, fabricate, and test a high-
pressure LH> turbopump capable of meeting the performance requirements of the
88,964 N (20,000 nrundz; thrust, staged-combustion-cycle engine; demonstrate
its basic capability; and identify areas where additional effort due to tech-
nology limitations is required to place a future engine program on a solid
basis. The initial phase of this effort, encompassing desigr, fabrication, and
the first test series, was performed under prior NASA Contract NAS3-17794, the
results of which are documented in NASA CR-135186 (Rocketdyne Report No. R76-
115); "Final Report, Small, High-Pressure Liquid Hydrogen Turbopump."

Rocketdyne has assigned the designation "Mark 48-F Turbopump'" to this small,
high-pressure, LH» twibopump design generated under this contract. The two
terms will be used interchangeably through this report.




DISCUSSION
ORIGINAL ANALYSIS AND DESIGN

ASE Engine Configuration

The objective of this program was to establish the technology base for small,
hign-pressure LHy pumping capability for application on the Advanced Space
Engine (ASE). The basic performance parameters for the ASE have been estab-
iished in a preliminary design task, the results of which are reported in NASA
CR-.35136 (Rocketdyne Report No. R76-115), Final Report, Small, High Pressure
Licuid Hydrogen Turbopump.

A schematic of the ASE is presented in Fig. 10. It is a staged combustion cycle
engine using LHy and LOj as propellants. The major components comprising the
engine are two low-pressure, gas—driven boost pumps; two high-pressure pumps;

a preburner; a regeneratively cooled combustion chamber and nozzle; a dumo
cooled nozzle extension; and valves.

The small, high-pressure LHy turbopump effort performed under this contract was
directed toward establishing the technology for the mair high-pressure hydrogen
turbopump.

Turbopump Requirements

The performance requirements for the Mark 48-F turbopump are licted in Table 5.
The pump is required to deliver 2.74 kg/s (6.04 1b/sec) of LHp starting with

an inlet pressure of 49 N/cm? (71 psia) provided by the low-pressure pump, to a
discharge pressure of 3140 N/cm? (4560 psia). The propellant gas for the tur-
bine is a mixture of free hydrogen and steam resulting from the combustion of
LHy and LO7. The gas is provided at a temperature of 1033 K (1860 R) and an
inlet pressure of 2360 N/cm2 (3420 psia). The total gas flowrate available is
3.02 kg/s (6.66 1b/sec). The horsepower requirements of the pump are matched by
adjusting the pressure ratio across the turbine. Since turbine pressure ratio
has a strong influence on the attainable engine combustion pressure in a staged
combustion cycle, it is to be maintained at the lowest possible level. As noted
in Table 5, the mechanical operating requirements included multiple starts with
long nperating durations and potentially long coast times between operations.

Certain elements of the requirements noted above had a particularly significaat
impact on the technology requirements of the turbopump and the ensuing design
configuration. In the pump, the combination of low flowrate and high discharge
pressure imposed a difficult impeller fabrication task because of the relatively
narrow passages required compared with the outer diameter. The desire for high
efficiency, compact packaging, and light weight placed the rotor speed into the
9423 to 10,470 rad/s (90,000 to 100,000 rpm) range, pushing bearing DN values to
the 2.0 x 106 mm:rpm limit noted in the design ground rules. The bearing oper-
ation at high speeds needed to be demonstrated.

Because of the high operating speed involved, the bearings would not be able to

take an appreciable axial thrust load. This condition dictated that an a:ial
thrust balance device be employed. The operating characteristics of such a
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TABLE 5. MARK 48-F TURBOPUMP NOMINAL DESIGN CONDITIONS

Pump S| Units English Units
Type Centrifugal
Propellant LH2
Inlet pressure k9 N/cm2 71 psia
inlet temperature 21-23 K 38-41 R
Discharge pressure 3140 N/cm 4560 psia
Mass flow 2.74 kg/s 6.04 1b/sec
Number of stages 3
Turbine
Working fluid 02/H2 combustion products (H2 tHZO)
Inlet temperature 1033 K 1860 R
inlet pressure 2360 N/cm? 3420 psia
Pressure ratio Minimum necessary to develop pump
horsepower requirements
Flowrate 3.02 kg/s 6.66 1b/sec
Number of stages 2
Type Full admission
Turbopump
Capable of operation at pumped-idle conditions, i.e., approximately § to 10%
full thrust
0ff-design operation: +20% Q/N at full thrust down to 30%
Q/N at 20 N
Service life between overhauls: %300 thermal cycles or 10 hours accumulated
run time
Service-free life: 60 thermal cycles or 2 hours accumulated
run time
Maximum single rua duration: 2000 seconds
Maximum time betwcuen firings
during mission: 14 days
Minimum time between firings
during mission: . I minute
Maximum storage time in orbit
{dry) : ’ 52 weeks

“Thermal cycle defined as engine start (to any thrust level) and shutdown.

23 , y




device also required evaluation. 1In the turbine, the performance of a small
turbine with a high-power density and 1ow-pressure ratio, (approximately 1.4)
needed to be demonstrated.

From a structural consideration, the requirement for 300 thermal cycles was sig-
aif icant in that it established low-cycle fatigue criteria and eventually neces=—
sitated incorporating a liner in the turbine manrifold to 1imit the maximum
thermal gradients in structural walls.

Original Turbopump Configuration Description

The initial configuration of the Mark 48-F turbopump is shown in Fig. 11. The
pumping elements consist of three centrifugal impellers containing six full and
six partial vanes, a radial diffuser after each impeller, and an internal cross-
over passage following the first- and second-stage diffusers. Liquid hydrogen
is introduced to the pump through a tangential inlet and delivered from the pump
through a scroll—shaped discharge. The pump end of th=z roto~ assembly is formed
by the impeller hubs, which are piloted relative to each other and maintained
axially tight by a central tie bolt. The two pump crossovers are mounted on the
pump through the externally accessible flanges. Although this feature results
in additional external seal joints and weight, it facilitates measuring all sig-
nificant interstage pressure ijevels. The cavities between the crossovers and
the external housings are sealed from the main flow passages by axial flange
seals, and they are vented to the pump inlet. Thus, the external flange seals
are subjected to pump inlet pressure oniy, and should not pose a leakage prob-
lem. Internal recirculation arcund the impellers is minimized by step labyrinth
seals in the front and rear shrouds. The seal lands are plated with silver to
prevent hard metal—to-metal rubbing, and still maintain close radial clearances.

The turbine is a two-stage reaction type with an overall pressure ratio of
1.443. Approximately 529 of power is developed in the first stage and 48% in
the second stage- The wheels are attached tc the shaft by three body-bound
studs which also transmit the torque. Axial holes are {ncorporated in the disks
to provide a path for the shaft seal leakage which is used as a coolant. The
downstream gide of the second-stage wheel is covered with a shield to reduce
heating effect of the exhaust gas on the disk. Low-cycle fatigue necessitates
incorporating a sheet metal liner into the inlet manifold to reduce thermal
gradients during start and cutoff. The liner is approximately 1.57 mm

(0.062 inch) thick, and includes bleed holes to equalize the pressure on either
side.

Axial thrust control is maintained by using a self-compensating balance piston
incorporated in the back shroud of the third-stage impeller. To operate the
balance piston, fluid from the discharge of the third-stage impeller is passed
through a high-pressure orifice at the tip of the impeller, then through a low-
pressure orifice located near the hub into the rear bearing cavity. From the
pbearing cavity, the fluid is returned to the inlet of the second-stage impeller
through an annular passage between the shaft and the impeller hubs.

The rotor is supported radially by two pairs of duplex, angular-contact, 20 mm

ball bearings, axially preloaded to prevent the balls from skidding. The rear
bearings are retained axially through a spring-loaded cartridge so that they
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will absorb transient axial rotor loads. Cooling of the pump end bearings is
accomplished by bleeding LHp from the hub area between the first- and second-
stage impellers, passing the fluid through an annular passage between the tie
bolt and the ID bore of the first-stage impeller to the pump inlet end, then in
a reverse direction through the bearings and back to the eye of the first-stage
impeller. Cooling of the turbine and bearings is effected by bleeding coolant
fluid from the pump discharge, introducing it to an area on the turbine side of
the bearings, and allowing it to flow through the bearings where it joins the
balance piston fluid and returns to the eye of the second-stage impeller. Addi-
tional coolant is provided for the rear bearings by the fluid which leaks
through the pump side of the shaft seal.

To separate the pump and turbine regions, a controlled-gap, shaft-riding seal is
employed. Since the pressure on the pump side of the seal is lower than on the
turbine side, the middle of the seal is pressurized with LH2 supplied from the
pump discharge. In this manner, a positive flow of liquid hydrogen toward the
turbine is ensured, and entry of hot gas into the pump is prevented. As noted
above, the LH2 which leaks through the shaft seal toward the pump is used to %
lubricate the bearings. The fluid which leaks to the turbine is used to cool
the turbine disks.

PRIOR TEST HISTORY (Test Series No. 1)

The initial testing of the Mark 48-F turbopump was performed on a prior contract
during the period 31 March through 15 April 1976. A total of 10 tests were con-
ducted Ior a total accumulated time of 884 saconds, using turbopump $/N 01-0.
Table 6 presents a test-by-test summary of the initial series. Testing was
performed at Lima Stand of Rocketdyne's Advanced Programs Test Facility shown in :
Fig. 12. A summary of significant information about the results of the series :
is presented in Table 7.

The most significant conclusions from the initial test series were that the
turbopump was operating satisfactorily mechanically, but at high speeds and high
flourates the pump first stage was cavitating and resulting in lower than pre-
dicted head. This condition is illustrated in Fig. 13, where the measured head
flow values are plotted on the predicted pump characteristics curves. The
isentropic efficiency of the pump, computed on the basis of fluid temperature
rise, shown in Fig. l4, was better than predicted.

INTERIM MODIFICATION EFFORT

Effort on Contract No. NAS3-21008 was initiated in June 1977. The objectives of
the program were to conduct additional analysis of the data obtained in the
{nitial test series conducted in 1976; take remedial action to resolve high tem-
perature levels of the front and rear bearings; implement design modifications
to improve the pump suction performance; and to demonstrate by testing the
effectiveness of the changes incorporated. The test effort was planned to
include hot firing the turbine. This goal was later deleted from the program
and the funding was applied to a second iteration to resolve pump performance
deficiencies.
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TABLE 7. MARK 48-F TEST HISTORY

e Initial Test Series 31 March through 15 April 1976

10 Tests, 384 seconds

LHy Pump Fluid, GHp Turbine Propellant

H-Q Data

Maximum N

Maximum Q

4712
6282
7853
9423

rad/s (45,000 rpm)
rad/s (60,000 rpm)
rad/s (75,000 rpm)
rad/s (90,000 rpm +)
9738 rad/s (93,000 rpm)
0.032 m3/s (508 gpm)

Maximum Pp = 2884 N/cm? (4183 psia)

Performance

e Cavitation at 9423 rad/s (90,000 rpm)

e Cavitation at 6282 rad/s-7329 rad/s (60,000-
70,000 rpm) at high QN

Mechanical Conditions

e Front and Rear Bearing Temperatures Higher Than
Predicted

e Axial Thrust Control Satisfactory

e Rotordynamic Behavior Satisfactory

Structurally Adequate
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Figure 13. Mark 48-F Pump Performance
With Scroll Inlet (1976)
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Rear Bearing Cooling improvement

An in-depth analysis of the rear (turbine end) bearing coolant flow loop was
conducted to determine the cause for the higher than predicted fluid temperature
measured at the ex’t from the bearing.

A schematic of the bearing coolant flow loop is shown in Fig. 15. The tempera-
ture rise of the flow between the pump discharge, point D, and the balance pis-
ton sump, point S, is plotted as a function of pump rotational speed in Fig. 15
for representative slices of the tests conducted in 1976. A plot of temperature
rises as a function of time is shown for tests 8, 9, and 10 in Fig. 17. From
Fig. 18 it would appear that above speeds of approximately 8901 rad/s

(85,000 rpm) there is a large increase in the temperature rise of the coolant
flow.

An analysis was performed to predict the flowrate and temperature rise in this
system. The analytic model solves for the flow through the seals using the
measured turbine seal pressure, the balance piston sump pressure, and the nozzle
static pressurz. The heat input due to the bearing as well as the heating
through the seuxl are calculated and contribute to the predicted temperature
rise. At some operating conditionms, throttling to lower pressure also causes a
temperature rise and is accounted for. The total flowrate through the seal can
also be calculated from the drop in pressure measured between the pump discharge
pressure and the turbine seal pressure. Note that these two predicted flowrates
acree within 37%. The flowrate calculated in this manner (pump discharge pres-—
sure - turbine seal pressure) is higher than the seal flow predicted at a pump
rotational speed of 9948 rad/s (95,000 rpm). This is shown in Fig. 18.

The flow exiting the bearing mixes with some portion of the balance piston flow
before it enters the second-stage jmpeller nub. A calculation of the disk frie-
tion heating of the batance piston was made. 1t was found that even at

9948 rad/s (95,000 -pm) the disk friction heating is low, and with nominal
balance piston flow, 0.423 kg/s (0.933 lbm/sec) the temperature rise 1s approxi-
mately 2.7 K (4 R).

The flow through the balance piston was calculated for the first five slices of
test 9. TFor all of these slices, the predicted balance piston fiow is above
0.4 kg/s (0.9 lbm/sec). Therefore, any portion of the balance piston flow mix-
ing with the bearing coolant flow upstream of the teasperature probe would tend
to lower the temperature measurement. For this rezscn, the analysis assumed
that no mixing with the balance piston flow occurs uitil some point downstream
of the temperature measurcment.

The results of the analysis thus far have been exclusively of slices in test 9.
They indicate that with nominal heating and seal gaps tho expected temperature
rise is approximately 5 to 7 K (10 to 12 R) as shown i{a Fig. 19.

An analysis was performed of the heat transfer from the turbine drive gas to the

bearing coolant flow through the casing. This heat transfer was found to cause
less than 0.1 degree increase in the coolant flow temperature.
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The possibility that the peak ia temperature rise during test 9 could be caused
by turbine fluid leaking through the seal to the bearing was considered. The
three pressures controlling the flow direction through the seal are plotted in
Fig. 20 and 21 for tests 9 and 10, respectively. Since the measured seal pres-
sures is always considerably higher than the turbine nozzle pressure, it was not
considered likely that turbine flui. is entering the bearing cavity and causing
the high temperatures.

Since the total flowrate to the seal predicted for the pump discharge and tur-
bine seal pressure matched very closely the predicted flowrate of the analytic
model of the seal flow, it was postulated the high fluid temperature downstream
of the bearings could be resulting from one of two sources, or possibly a combi-
nation of both:

l. An increase in the gap of the turbine-side seal ring, accompanied by a
reduction in the gap of the bearing- side ring would keep the total flow
constant, while lowering the flow to the bearing.

2. The heat input from the bearings could be substantially higher than
predicted by analysis.

Irrespective of which hypothesis was valid, a higher flow to the seal and to the
bearing was seen as the solution to the problem. To effect a higher flowrate to
the bearings, three modifications were made. The orifices located at the end of
four transfer passages in the housing (at Point A, Fig. 15) were deleted and the
number of passages in the seal housing which are used to feed liquid hydroger to
the seal were increased from 4 to 24. Both of these changes were designed to
increase the available pressure in the seal, which results in higher coolant
flow to the bearings. The analysis disciosed that the increased seal pressure
was needed not only to ensure increased flow to the bearing but to ensure that
an effective barrier is maintained to prevent turbine gases from entering the
pump region. The latter is of particular importance when operating at high pump
Q/N values where pump pressure is lower, but the turbine £as pressure is still
high, commensurate with the high power demand of the pump,

The third change involves increasing the number of bypass holes from one to
three in the seal housing leading to the bearings. In Table 8 the predicted
parameters with the above modifications are noted for speed levels and Q/N
ranges of interest. The obtained coolant flowrates and pressure levels were
satisfactory; therefore, the hardware was modified to implement these changes.

Front Bearing Coo]ing Improvenent

Analysis of two candidate coolant system modifications was performed for the
pump-end bearings. In the first approach studied the flow path initiates at the
rear hub of the first-stage impeller, ‘Fig. 22) and from there the flow is ]
directed toward the bearings in the annular space formed by the shaft and first- j
stage impeller hub. From there the fluid is introduced to the bearing cavity on
the impeller side of the bearings through four radial holes in the impeller hub.
Subsequently, the coolant passes through the bearings and it is either dumped

overboard through the front cap in an interim test mode or it is recirculated

externally to the pump inlet line where it has an cpportunity to mix with fresh
fluid before entering the first-stage impeller.
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This approach offers the advantage of being able to increase the coolant
flowrate through the bearings without increasing the amount of fluid injected
immediately into ihe eye of the impeller. Because of the relatively high source
pressure, the coolant can be reintroduced into the inlet line and, therefcre, it
represents a potential engine operating mode.

The predicted pressure and flow schedule under various speeds and inlet pressure
conditions is presented in Table 9. Generally satisfactory bearing flow levels
are achieved at each condition, but the system presents one major undesirable
feature: To ensure that the fluid passing through the bearing is in a liquid
state, which is desirable from the standpoint of effective cooling, the pressure
level in the bearing cavity must be maintained above the critical pressure of
129.3 N/cm2 (187.5 psia). This causes a significant amount of fluid to flow
from the cavity directly into the eye of the impeller. This condition presents
a problem in establishing the basic suction performance of the first-stage
impeller without the influence of the coolant flow. After reviewing the charac-
teristics and relative merits of the system, it was concluded that another
alternative should be evaluated.

The alternate approach analyzed is illustrated in Fig. 23, The coolant
originates from the first-stage impeller inlet, passes into the bearing cavity
through four holes in the inlet housing guide wall and, after passing through
the bearing, it is discharged overboard.

This routing for the pump-end bearing coolant offers one distinct advantage over
the previous approaches considered; it facilitates evaluation of the suction
performance of the first-stage impeller without the udverse effects of rela-
tively high temperature LH7 being ingested into the impeller. Since a major
objective of the next test series was to establish the suction capability of the
first-stage impeller, this coolant flow routing was accepted.

The effect of pressure differentials across the bearings on the axial loading of
each member of the duplex set, and the resulting secondary effect on the radial
load sharing were reviewed. The conclusion was that the predicted pressure dif-
ferentials should not present a hazard to the bearings, but if the actual pres-
sure drop is substantially higher, bearing life could be reduced. To establish
the flow-speed-pressure drop characteristics of the bearings, a special pressure
tap was fabricated which could be installed in place of the front bearing cool-
ant temperature transducer. Thus, pressure measurements were planned to be
taken upstream and downstream of the front bearings on several tests to verify
that the pressure differentials were within acceptable limits.

Suction Performance Improvement

As discussed earlier, during the initial test series conducted in 1976, the pump
experienced a cavitation related head loss at high speeds and high flowrates.
The fact that the temperature of the front bearing coolant fluid which is
injected into the first-stage impeller inlet, was substantially higher than
anticipated, indicated that there may be an interrelationship between the two
occurrences. It was postulated that the relatively hot fluid injected into the
first-stage impeller was causing blockage at the inlet of the impeller and led
to cavitation and attendant head loss. It was anticipated that rerouting of the
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flow as described above would produce an improvement in the cavitation
performance.

Another potential cause for low suction performance was attributed to the poor
quality of the impeller hydrodynamic surfaces which were electrical discharge
machined from au integral piece of forging. A spare set of impellers had been
fabricated by an alternate method, in which the impeller was machined in two
sections and subsequently welded into a single unit. The quality, i.e., sur-
face finish of this "split impeller" was better than that of the integral
impeller tested in the initial (1976) test series, and therefore, it was incor-
porated for the next test series in anticipation of a performance improvement.

Assembly cf Turbopump S/N 01-1

The changes incorporated into turbopump S/N 01-1 to form the Mod 1 configuration
are summarized below.

e Split Impellers
e Original impellers too difficult to fabricate
e Eliminate dimensional discrepancies
e Improve finish, etc.
e Front Bearing Coolant Routing Modified
e Redirect warm fluid
e Improve suction performance
e Rear Bearing Coolant passages modified
e Ensure blocking turbine gas from pump at high Q/N

e More coolant flow to bearing
.

Balancing of the turbopump rotor was accomplished in accordance with the pro-
cedure established during the initial assembly of the Mark 48-F turbopump. To
minimize the locked-in moments in the rotor, a multiplane balance correction was
made. Initially temporary correction was made in an assembly which included
only the first- and third-stage impellers, the shaft, the balance bearings, the
retaining fasceners, and a dummy spacer in place of the second-stage impeller
(Fig. 24). The temporary correction was applied in the planes of the first- and
third~stage impeller rear shrouds. Subsequently, the second-stage impeller was
added (Fig. 25) and its unbalance was corrected in its shroud. Next, the tur-
bine wheels were added and correction was made in their plane (Fig. 26). At
each step, radial and axial runouts were measured and recorded as indicated in
Fig. 24 through 26. Several repeatability checks were performed in which the
rotor was completely disassembled, reassembled, and the residual unbalance was
determined. The final balance was effected to 0.105 g-cm (0.25 gr-in.), the
machine limit.
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The load-deflection characteristics of the front and rear bearing cartsidge
subassemblies are illustrated in Fig. 27 and 28, respectively. The springs at
the bearing outer races were installed with a s1ightly higher axial clearance
0.00254 cm (0.001 inch) total than in the previous build. This was done because
there is potential that the higher than anticipated bearing fluid temperature
rise was caused by too high an axial load on the bearings,

The load-travel characteristics of the rotor at ambient temperature are shown in
Fig. 29. A rotor load-travel test was performed at LNy temperature also; the

data obtained with the final cartridge shims is tllustrated in Fig. 30.

The critical clearances and fits measured during assembly are shown in Fig. 31
through 34.
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} Note: Inner races clamped with0.707 cm {.2782 inch) spacer.
Load applied through outer races.
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Test Series No. 2

The test series was performed with ambient temperature gaseous hydrogen as the
turbine propellant, and the objective was to obtain head-flow characteristics
and suction performance data for the pump. The turbopump installation for this
purpose is shown in Fig. 35 through 37. A simplified schematic of the primary
fluid flow system is presented in Fig. 38.

The pump performance was characterized in a single 136-second duration test -
conducted on 12 January 1978. Liquid hydrogen was used as the pump fluid, and :
the turbine was propelled by ambient temperature gaseous hydrogen.

The operating sequence observed during the test was as follows: After facility
preparations were completed and the turbopump was adequately primed and

chilled, the rotor speed was slowly increased to 2408 rad/s (23,000 rpm) the
turbopump was allowed to stabilize after tte pump discharge throttle valve
position was adjusted to bring the flow to a nominal value. The speed was then
increased to 4712 rad/s (45,000 rpm) using an automatic feeback control device
to regulate the supply pressure to the turbine to the level needed to maintain
approximately 4712 rad/s (45,000 rpm). The prime purpose of using an automatic
control device was to facilitate a quick transition through the first rotor cri-
tical speed located at 3455 rad/s (33,000 rpm).

Once stabilized at 4712 rad/s (45,000 rpm), the pump discharge throttle valve
position was varied to obtain data at 85% and 69% of nominal flow. The throttle
valve was then opened to obtain a repeat data point at 86% of nominal flow, and
subsequently to operate at 100%, 110% and 118% of ncminal flowrate.

With the data objectives achieved at 4712 rad/s (45,000 rpm), the speed was

stepped up to 6807 rad/s (65,000 rpm), again using the turbine pressure control

system. At the 6807 rad/s (65,009 rpm) level, data points were obtained at 89%,

80%, 67%, 90% and 100% of nominal flowrates. The test was terminated by the

vibration sensor cutoff device. Posttest examination disclosed that the =
accelerometer being monitored was loose and evidently gave an erroneous signal.

No hardware problem was evident.

Data Analysis. Reduction of the data revealed the discharge pressure-flow
characteristics shown in Fig. 39. Although sufficient pressure is being pro-
duced at low flowrates, above a certain flow level a sudden drop in discharge
pressure is evident. In Fig. 40 through 42, the performance of the pump on an
individual stage basis is examined. It is evident that the pressure rise
through the second and third stages remains normal with increasing flowrates.
In contrast, Fig. 39 indicates a sharp drop in the pressure rise of the first
stage above a certain flowrate, both at 4608 rad/s (44,000 rpm) and at

6807 rad/s (65,000 rpm). 7The data in Fig. 39 further pinpoints the problem to
the impeller, in as much as the diffuser pressure rise remains continuous.

The pe-formance of the axial thrust control balance piston was satisfactory
throughout the operating range, as shown in Fig. 43, The balance piston param-
eter, a measure of the pressure drop through the low pressure orifice versus the
overall pressure drop, is expected to have value of approximately 0.5.
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Mark 48-~F Turbopump Test Installation (1978)

Figure 35.
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Figure 39, Mark 48-F Pump Performance Test 001 (1978) Data
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Mechanically, the fturbopump - :. ted satisfactorily. Figures 44 and 45 show
the accelerometer output and rotor deflection measured as a function of speed.
The first and second critical speeds are clearly evident at 3456 rad/s

(33,000 rpm) and 6388 rad/s (61,000 rpm), respectively. Both the accelerometer
levels and shaft deflections magritudes indicate a smooth operation with a good
rotor balance.

Because of the first-stage performance problem at intermediate speeds, the suc-
tion performance tests at higher speed levels 8378 rad/s (80,000 rpm) were not

carried out. The turbopump was removed from the facility for further analysis

and corrective action.

Turbopump Disassembly. The turbopump was completely disassembled after the

test. Primary purpose was to inspect the first-stage impeller front wear ring
for damage or deterioration. No mechanical discrepancies were found.
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AXTAL PUMP INLET CONFIGURATION

Component Testing and Analysis

The results of the second test series revealed that the poor suction perfor-
mance was not caused by the effect of the bearing coolant fluid entering the
first-stage impeller. Thus it was concluded at this point that a more exten-
sive effort, involving component testing and analysis followed by a signifi-
cant hardware modification, would be required to realize the desired improvement
in suction performance.

The effort was concentrated in two principal areas: (1) Establish whether the
inlet housing guide vanes are introducing the fluid to the impeller at the
proper incidence angle, and (2) perform a thermodynamic and hydrodynamic analy-
sis of the flow loops affecting the first-stage impeller inlet to locate defi-
cient areas and potential methods of correcting them,

Inlet Housing Air Flow Tests. To determine the role of the inlet housing in

the cavitation, an air flow test was conducted in which the fluid angle exiting

from the guide vanes was measured by means of a yaw probe. The test setup is 3
illustrated in Fig. 46 and 47, and in the schematic in Fig. 48. :

Flowrate through the housing was determined by surveying the total pressure
profile with a Kiel probe in the upstream duct, and recording wall static
pressure and air temperature. Velocity angle and anplitudes were measured with
a yaw probe. Both prism-wedge and cobrahead probes were used, and the exit
static wall pressure was recorded. The flow vector angle and amplitude were
surveyed both in the radial and circumferential direction.

The results of the air tests revealed that the velocity magnitude and angle
were uniform in the circumferential direction (Fig. 49). On the other hand,
both vector components varied with radius as illurtrated in Fig. 50 and 51.
The most significant results of the air tests was that the fluid velocity
angle (Fig. 50) 1s measured from the axial direction was substantially higher
than what is required to provide the desired incidence angle for the impeller.

A continuity check indicated that the exit angle should be approximately

1.096 radians (63 degrees) axial as compared with the 1.28 radians plus (70 +
degrees) measured with the yaw probe. This was confirmed with a paint test in
which a drop of paint was applied to the flow guide fixture surface located at
the exit of the inlet housing, and the angle at which rhe paint was smeared

by the flowing air was observed. The paint smear test, illustrated in Fig. 52,
indicated an exit angle of 1.096 radians (63 degrees) from axial.

The desired exit angle to obtain a good match with the impeller is 0.783

radian (45 degrees). Therefore, the liquid hydrogen is not being turned enough
by the guide vanes in the inlet housing. This has two adverse effects. The
local static pressure upstream of the impeller is reduced because of the higher
velocity, and the incidence angle on the impeller vanes becomes negative, The
drop in static pressure as a function of flowrate is shown in Fig. 53. The
suction performance of the impeller is reduced significantly by these factors,
particvlarly by the adverse inciderce angle.
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It was concluded that the inlet housing unit must be modified to provide a
better match in the fluid and impeller angles.

Hydrodynamic Analysis. An in-depth analysis to determine the fluid behavior

in and around the first-stage impeller and to correlate it with actual measured
data was also performed. This effort had two principal phases: (1) Generating
a thermodynamic model of the impeller fluid and applying it to establish the
fluid properties at significant stations, and (2) upgrading the existing
hydrodynamic model which, in conjunction with the data obtained from the
thermodynamic analysis, was used to determine tluid behavior along the impeller
flow path.

In the thermodynamic aralysis, the significant stations were identified as
shown in Fig. 54 , starting with "0" in the inlet scroll and ending in "5"

at the end of the front wear ring flow loop. The principal thrust of the
investigation was to determine the condition of the fluid entering fresh from
the inlet and how it is affected by the recirculating wear ring flow. The
flowrate entering from the inlet was assumed "given', as were the inlet pres-
sure, temperature, and rotor speed. At each of the indicated points on

Fig. 54, flow, pressure, temperature, enthalpy, specific head, and fluid
quality were zalculated.

The state condition at Station 3 was calculated based on the work performed
by the impeller. From Station 3 to 3', a rise in static enthalpy is realized
because the radial velocity component becomes zero. The static enthalpy
rises further in proceeding to Stations 5 and 5' because of disc friction
heating and a reduction in the tangential velocity head. From Station &'

to 4 and 5' to 5, constant enthalpy throttling is assumed.

A typical printout obtained from the thermodynamic model is shown in Table 10,
where significant fluid parameters are defined at each station. Of paramount
interest are two values: The percent of the front wear ring fluid, which is

gas before it mixes @ith the through flow (39.61% in Table 10 ), and the per-
cent volume of the total flow of fluid entering the impeller from the front wear
ring is 10.05%.

Several cases were examined at the design speed of 9947 rad/s (95,000 rpm),
and 6743 rad/s (64,400 rpm) where empirical results were available from the
previous test series. A summary of these is presented in Table 11. The sig-
nificant conclusion which is drawn from Table 11 is that a large part of the
front wear ring flow enters the impeller as gas. Tt is surmised that this gas
does not mix with the through flow immediately, and as a result it acts as
blockage in the impeller inlet. Therefore, the hydrodynamic analysis of the
impeller must include this blockage as a factor. The possibility of diverting
the wear ring flow and introducing {t further upstream must be considered
inasmuch as this would permit the gas to be mixed and reliquified before it
enters the impeller.

¥




GIVEN: FLOW, PRESS, TEMP @ STATION "0" AND w

CALCULATE: FLOW, PRESS, TEMP, ENTHALPY, SPECIFIC WEIGHT, QUALITY AT ALL
INDICATED POINTS

Figure 54. Thermodynamic Analysis Model Schematic
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The hydrodynamic model used to analyze the impeller is a three-dimensional
program obtained from Dynatech Corporation and mod? fied to enhance Rocketdyne
useage. It permits evaluation of the impeller suction pe~formance by calcu~
lating the flowfieid at numerous stations through the impeller and, in the
process, establishing local pressure levels.

The location of the stations selected for amalysis is illustrated in Fig. 55.
In Fig. 56, a typica' pressure characteristic as a function of computing
~tations is presented. Of particular interest here is the region near the
lead.ag edge, i.e., stations 5, 6, 7, and 8, where the local static pressure
is below the total inlet pressure at the impeller inlet. If the decrease in
pressure is high enough, cavitation and attendant impeller head loss will
ensue.

A principal objective of the hydrodynamic analysis was to correlate the
analytical results with empirical data obtained om turbopump tests. To this
end, data obtained with the original integrally machined impeller as well as
the split (two-piece) impeller was re—examined. Figure 57 illustrates the
pressure rise measured with each impeller zs a function of normaliced flowrate.
At 4725 rad/s (45,000 rpm), no indication of cavitation was evident with the
integral impeller; whereas, with the two-piece impeller, a 20% head loss was
evident at 110% of nominal flow. At 6825 rad/s (65,000 rpm), extemsive cavi-
tation was evident at 110% of nominal flow with the integral, and 907% of
nominal flow with the two-piece impuller. The two impellers (Fig. 58 )
differed in that the vanes on the integral type were thinner and the contour
somewhat different, which resulted in approximately 17% larger iniet flow
area. The higher suction performance of the integral impeller is attributable
to this larger area.

To effect a data correlation, the following approach was used. The minimum
value of the difference between the local static pressure and total impeller
inlet pressure was computed for a range of Q/N values, and these data were
plotted for the suction and pressure side of the blade, as illustrated in

Fig. 59 and 50, respectively. Curves were generated for 4725 rad/s (45,000 rpm),
6825 rad/s (65,000 rpm), and 9947 rad/s (95,000 rpm). In the next step, the

Q/N levels at which cavitation was experienced werc noted for each speed level.
These are identified by the solid triangles in Fig. 59 and 60. It should be
noted that the test data were obtained at an inlet pressure of approximately

69 N/:m2 (100 psia).

The intention was to use this approach to evaluate the relative merits of
design modifications under consideration. To show an improvement, any design
change must produce a curve which is to the right of the cavitation region
indicated by the plotted data shown in Fig. 59 and 60.

Following completion of the thermodynamic and hydrodynamic analysis of the

two impeller types tested, effort was initiated to evaluate potential fixes
to improve suction performance. A total of 16 configurations were examined.
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| {MPELLER TRAILING EDGE

~—+-—BLOCKAGE ADDED 1IN
DISCHARGE TO SIMULATE

PROFILE USED FOR CASE BALKFLOW REGIONS

NUMBER 1 AND 2

~--GUIDE VANE TRAILING EDGE

‘~\\ _—PARTIAL BLADE STARTS
AT THIS STATION

I \////\————— BLOCKAGE ADDED AT INLET 10
SIMULATE WEAR RING FLOW

r_—-—

IMPELLER LEADING EDGE

Figure 55. MK 48-F First Stage Impeller Model
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The characteristics of the key configurations are noted in Table 12, and
1llustrations of representative configurations are provided in Fig. 61
through 66.

TABLE 12. MK 48-F DESIGN MODIFICATIONS STUDIED

Modification
No. Description
1 As-Built Two-Piece Impeller
2 Same as 1 With 80% Wear Ring Flow Diverted Upstream
3 Inlet Area Increased
® Eye Diameter Increased From 4.826 to
4.978 cm (1.90 to 1.96 inch)
¢ Hub Diameter Decreased From 3.099 to
2.845 cm (1.22 to 1.12 inch)
® Six Blades Cutback 30 Degrees Wrap
7 Combines 1, 2, 3
8 Open-Face Impeller With Cutback Blades
10 New Impeller Design, Inlet Area Increased
403 From 1
12 Same As 10 With Inducer Added Upstream
13 Same As 12 With 80% Wear Ring Flow Diverted
Upstream
14 Same As 3 With Added Inducer
15 Same As 14 With 80% Wear Ring Flow Diverted
Upstream
16 Axial Entry With Inducer With Same Impelier
Mods As 7

The Q/N-local static pressure curves are presented in Fig. 67 and 68 for

the suction and pressure sides for the candidate configuratious at 9947 rad/s
(95,000 rpm). 1t is evident from these figures that each of the considered
design changes would effect a significant increase in the local static pressure
compared with that produced by the basic split fmpeller, and each should
register a corresponding improvement in the suction performance.
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Nevertheless, examination of the suction-side pressure levels (Fig. 67) reveals
that despite the sizeable improvement, all configurations but one fall into a
regime where at high Q/N values cavitation may be experienced. The only design
modification which exhibits a clear margin both on the suction and pressure
side and even at high Q/N values is No. 16, which includes an axial-flow inlet
and an inducer in front of the impeller.

In summary, it is concluded that the suction performance problem encountered
was caused by two major effects: (1) The angle at which the fluid discharges
from the inlet housing guide vanes into the impeller was improper, and (2) the
impeller inlet area was insufficient. The solution required matching the

flow angles to the impeller with a new inlet or new inlet guide vanes,
increasing the inlet area of the impeller, and providing additional pressure

to the impeller with an inducer. Each of the above improvements were incor-
porated in modification 16, (Fig. 66 ).

The design involved reworking an existing integral impeller by opening up the
shroud inner Jdiameter at the eye; modifying the front bearing cartridge; and
designing and procuring a new axial inlet housing, main inducer, bearing
coolant inducer, an inlet flow guide, and new speed and Bentley transducers.

The above material was presented to the NASA project manager in an oral
briefing held at NASA-Lewis Research Center, Cleveland, Ohio, on 12 April 1978,
with a racommendation tO restructure the program to include the effort to
design, procure. and test the axial inlet configuration. NASA concurred with
the conclusion and directed Rocketdyne to initiate the design effort.

Axial Pump Inlet Design

Effort was expended to define the configuration of the axial-flow pump inlet
in detail. The approach presented in Fig. 66 had to be modified in two
respects to accommodate future test plans for the liquid hydrogen turbopump:
(1) additional radial space had to be included outboard of the bearing outer
races to provide room for future incorporation of a hydrostatic bearing, and
(2) the design change had to be made compatible with future plans to incor-
porate a rotor brake system.

Considerable effort was expended on the analysis of the inlet passage into

the inducer. The inlet passage design presented a problem because of a

number of conflicting requirements, and mitigating solutions had to be worked
out. To achieve good hydrodynamic performance of the inducer, it is necessary
to keep the inlet fluid velocity to the inducer as uniform as possible.

Several design configurations were studied both from a mechanical and hydro-
dynamic standpoint. Figure 69 is a configuration with a minimum of mechanical
changes. The rolling-element bearing locations and configuration was kept

the same as the original design. The bearing cartridge oD was increased to
provide for future incorporation of the hybrid bearing, and provision was made
for the installation of a brake outboard of the bearings to satisfy a require-
ment for preventing rotation during tank head starts. The resulting inlet
configuration, analyzed using the Rocketdyne three-dimensional computer
program, was found to be unsatisfactory because of high fluid velocities
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generated by the abrupt entrance of the fluid at the outer wall of the
passage at the entrance to the inducer.

The configuration presented as a sketch in Fig. 70 represents a hydro-
dynamically satisfactory design; however, it requires additional redesign

and also increases the overall length of the turbopump assembly. The rolling-
elemeat bearing was moved outboard, which allows a smcoth transition passage
to the inducer. The design incorporates provisions for both the hybrid
bearing and the turbopump brake, and requires a new shaft extens‘on for the
bearings as well as a new tie-bolt.

A satisfactory compromise configuration is shown in Fig. 71. This design
exhibits good hydrodynamic performance along with a minimum of redesign, and
incorporates the required provisions for the hybrid bearing and the rotor
brake. No new shaft or tie-bolt is required. Minor modifications to the
design include moving the bearings closer together in the housing, the use
of an offset cartridge, and thus also, an offset hydrostatic bearing.

The bearings are moved closer by 0.254 cm ,0.100 inch) and the cartridge offset
is only 0.254 cm (0.100 inch). Neither of these modifications appeared to
have any adverse effects.

Inducer. Detailed analysis of the inducer was initiated following the
finalization of the axial inlet hydrodynamic fiow passage. The Mark 48 fuel
pump inducer was designed to pump 0.0403 m3/s (642 gpm) of liquid h;drogen
with a density of 70.3 kg/m3 (4.39 1b/ft3) and an NPSP of 20.7 N/em® (30 psi)
at 9947 rad/s (95,007 rpm). The inducer tip diameter was fixed at 4.978 cm
(1.96 inches) and the hub diameter at a constant value of 2.845 cm (1.12
inches) giving a hub/tip ratio of 0.57.

Cavitation Performance. An NPSP of 20.7 N/cm2 (30 psi) is equivalent to

an NPSH of 300 m (Y84 ft), and the corresponding operating suction specific
speed is 5.05 cad/s(m3/s)'s(J/kg)=3/4 (13,700 rpmegpm? « ££=3/4y ¢ yag
calculated that the head breakdown point in water would occur at an NPSH
of 229 m (752 ft); this gives a suction specific speed of 6.12 rad/s
(m3/s)% (Jykg)‘3/4 (16,760 rpm -gpmli -ft‘g/4). This is the inducer's
potential.

Design Parameters. An attempt was made to put in sufficient whirl with the
inducer to match exactly the impeller inlet angles. However, the nonisen-
tropic simple radial equilibrium computer program showed that the blade
loading at the hub was much too high. This was partly because the inducer
has no hub taper and partly because the impeller angle variation hub and tip
is helical (R tan Bb = K).

Successive trials were made with the computer program until a satisfactorv
solution was obtained. With this design, the diffusion factor at the tip
was 0.227, at the rms 0.373, and at the hub 0.678. The last value is high
(separation occurs at a D-factor of approximately 0.7) because the axial
velocity leaving the inducer at the hub is relatively low. The resultant
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70. MK 48 Fuel Turbopump - Axial Inlet Configuration (2)
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Figure 71, MK 48 Fuel Turbopump - Axial Inlet Confipuration (1)
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fncidence angles on the fmpeller blades were 0111 radian (6.4 degrees) at the
tip and 0.202 radfan (11,6 degrees) at the hub.  These values are acceptable.

The average head produced by the inducer was calculated by the Rocketdyne
three=dimensional program (R3DP) to be 782 m (2563 feet) with a corresponding
head coefficient of 0.125. When this head is added to the inlet NPSHy it
gives an fmpeller suction specific speed of 1.91 rnd/s(m3/S)S(J/kg)'3)4

(5237 vrpm  gpm? f(—37“). The caleulated indreer efticfecey fs 72%,

The nominal tlow coetficient of the inducer based cn an average fonlet axial
velocity {s 001248, The curvature of the inlet pessage, however, induces

a higher axial velocity at the tip than at the b, rvesulting in the tollowving
inlet condition at the fuducer tip where the blade angle is 0,225 raa

(12.93 degrees).

. s Incidence i/ﬁb
Speed Flow Angle, rad (degrees)
100 70 0.113 (6.47) 0.500
100 100 0.0679 (3.90) 0. 302
100 130 0.0240 (1.38) 0.107

AU 1305 Q and at 9947 vad/s (95,000 rpm), the {nducer produces 03 w

(064 teet) of head. At this point, the fmpeller will operate at o suction
- - PR RN AR YA . R e a1 )
specific speed of 387 rad/sm?/s)2/kR) (10,010 rpm . gpm= . 1t ).

Inducer Design Values.  The inducer has six blades (the same number as the
fmpelicr). 1t has an inlet sweep of 0038 vad (20 degrees) and a cant angle
of 0,087 rad (5% degrees). The tip blade thickness is 00380 m (0,015 inch),
and the hub blade thickness 191 ma(0.075% inch).  The solidity at the tip is
1.5, a value that has been very successtul on recent model waterjet fnducers
and on an {nducer tor the SSME LOX pump,

Figure 72 shows the H-Q and efticiency of the induweer as caleulated by the
Rocketdvane INDANA computer program.

Fipure 71 shows the head vise through the inducer at desipn speed and low

as caleulated by RIOP. Figures 729 and 75 show the blade loading at 11075

speed and at L0 speed and 800 tlow, as caleulated by RIDP and the Rocketdvne
leading-cdps wedpe program. Flpure 70 shows the desipn blade anple vaviat fon
as a tunctfon ot inducer axial leapth,




e R R SRR R R TR TR R eE TR R e T e TR P L4 Y T LR A AT RS T T e, SRRV G AT Rt £l it v—ry.,v,

6000
1600 —
N= 9947 rad/s (95,000 rpm)
TIP DIAMETER = 2,489 cm (0.98 inchj
H
: ]
D o
5 800 lil
T 2000 |—
400 $—
ol 0
80
» 60—
>
-
2
w
Q
'S
w
woe
400 500 600 700 800 900
FLOW, gpm
L ] J
0.03 0.04 0.06
FLOW, mY/s
Figure 72. Fuel Pump Inducer Predicted Performance
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Inlet Passage. The design of the passage into the inducer was a difficult
problem because the front bearing size and location were fixed. The flow had
to pass out around the bearing, then radially inward before it entered the
inducer. The location of the bearing, the maximum diameter of the bearing
support, and the location and hub diameter of the inducer fixed the inner
wall within narrow limits. The outer wall, however, could be designed to
produce a high rate of convergence; this resulted in a small radius of
curvature near the inducer entrance. A small rate of convergence resulted

in a larger radius of curvature.

R3DP was used to evaluate the different passage designs. Many different
contours were tried with various rates of convergence. The most favorable
design was selected. The resultant velocities along the walls as a function
of the distance along the walls are shown plotted in Fig. 77.

Bearing Cooling. To cool the front bearing it was desired to have 3.14 x
10°% m3/s (5 gpm) flow through it at the pump speed 3150 rad/s (30,000 rpm).
A formula using theoretical and empirical data gathered over a period of
time was used to calculate the pressure drop across the bearing at design
Q/N at speeds of 3150, 6300, and 9947 rad/s (30,000, 60,000, and 95,000 rpm)
and at 80 and 120% flow at the high speed. The losses in the flow passage
were also calculated at various flowrates. The static pressures along the
inlet passage inner wall were taken from the R3DP printout of the final
passage shape, and the ram pressure available from the scoop-entrance to the
inducer hub entrance was also plotted as a function of flow through the pump.
The losses and ram pressure were then combined into one set of curves called
bearing resistance. These are shown plotted in Fig. 78 . A small helical
pump was then designed and evaluated in the INDANA loss program.

The performance of this pump at speeds of 3150, 6300, and 9947 rad/s (30,000,
60,000, and 95,000 rpm) is also plotted in Fig. 78. The intersection of these
curves with the bearing resistance curves are shown as ciccles on the map,

and the corresponding bearing flow can be read from thte abscissa on the

curve, Note that the H-Q curves are very steep, so that an error in the
calculated pressure will have little effect on the volume flow through the
bearing. Note also that, without any helical pump, the flow through the
bearing would be at the value whe ¢ the bearing resistance curves cross the
zero coordinate. From the analysis of Fig. 78 it is clear that the small heli-
cal pump is not required.

Next in order was the design integration and optimization of the inducer into
the axial pump inlet. A prime motivation was to provide design capability
for incorporating the turbopump shaft brake and a cleanly configured pump

end bearing coolant flow circuit. The bearing coolant flow circuit decided
upon takes liquid hydrogen fluid from in front of the inducer and directs
this flow through the duplex angular-contact bearing set, then is routed
overboard where flowrate can be measured and adjusted by orificing, and where
pressure and temperatures are measured.

The results of this design optimizaticn is shown in Fig. 79 and 80 . These
figures show the final approved design.
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9947 red/s 80% Q/N
(95,000 rpm)
- BEARING
100% RESISTANCE
AT 9947 rad/s
{25,000 rpm)
/ 120%
BEARING
— RESISTANCE
AT 6300 rad/s
{60,000 rpm)}
6300 rad/s
= {60,000 rpm) N
BEARING
RESISTANCE
AT 3150 rad/s
{30,000 rpm)
350 rad/s
{30,000 rpm)
| | J
| | |
0 10 20 30 40
Q, gpm
L 1 | |
0 1.0 20 30
O,mall

Mark 48-F Bearing Resistance




Figure 79. Optimized Inlet Design, Final Version
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Figure 80, Mark 48-F Turbopump Showing Axial Position of
Accelerometer Blade Weldmen.s in Zones A and B
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Fabrication of the hardware followed wit out difficulty, and the new parts
were received on schedule and are shown in Fig. 81.

Assembly of Turbopump S/N 01-2

Critical balancing of the rotor assembly was undertaken first. Because of the
high operating speed involved, it is essential that the rotor be balanced to
the best precision available with present balancing equipment. As described,
the balancing procedure was initiated with a preliminary rotor assembly con-
sisting of the first- and second-stage impellers and a dummy sleeve replacing
the second-stage impeller. The imbalance in the planes of the first- and
second-stage impellers was established in this setup. Some delay in accom-
plishing this step was experienced when a lack of repeatsbility was noted on
successive buildups. The problem was traced tc local yielding of the dummy
sleeve, which was eventually resolved by fabricating a new sleeve i a
high-strength steel alloy.

The balancing operation was subsequently ccntinued by including the second-
stage impeller in the rotor and making temporary corrections in its plane.
Finally, the turbine wheels and miscellaneous nuts and locks were added,
and final corrections were effected by grinding material in the following
planes: instrumentation nut: first-, second-, and third-stage impeller;
and both turbine wheels. Figure 82 shows the balance assembly.

The final corrections were made based on imbalance readings obtaired on a
Schenck hard bearing balancing machine. This equipment has an improved
precision capability compared with the soft bearing Gisholts used in the past.

The significant assembly clearances are presented in Fig. 83 through 87.
All values are within the intended design range.

Testing

The assembled insulated turbopump was installed into the LIMA stand of the
APTF (formerly termed PRA) in the Santa Susana Field Laboratory.

The new axial inlet turbopump facility propellant line was designed anl
the design was approved by the Stress Department. This lin: was fabricated
and installed.

Nineteen tests were accomplished during this program, bringing the total test
time on turbopump S/J 01-2 to 1353 seconds in 19 starts. A summary of all
the tests conducted i3 presented in Table !3 .,

The first test (001) of the '"Mark 48-F Turbopump Test Matrix', as shown in
Table 13, was conducted for a programmed duration of 228 seconds. A steady-
state operating point at 2615 rad/s (24,902 rpm) ...d Q/N/(Q/N)pgs = 1.224
was attained and ar isentropic pump efficiency of 80% was achieved. The
speed was increased to 4801 rad/s (45,728 rpm) and a Q/N/(Q/N)pEs = 0.822
was attained and an isentropic pump efficiency of 67.7% was achieved.
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MARK 48-F S/N 01-2 TEST SUMMARY

Speed
rad/s {(rpm)

Results

(81K)

TABLE 13.
— S
Duration, Objective,
Date Test No. seconds rad/s (rpm)
6-28-9 001 228 H-Q at 4725
(45K)
7-2-9 002 36 H-Q at 6825
(65K)
7-2-9 003 28 H-Q at 6825
(65K)
7-6-9 004 34 H-Q at 6825
(65K)
7-6-9 005 130 H-Q at 6825
(65K)
7-10-9 006 38 H-Q at 9947
! (95K)
7-11-9 007 45 | NPSH at o
. nominal N
|
7-12-9 008 52 NPSH at high %
7-13-9 009 28 NPSH at Tow 4
i 8-10-9 | 010 ! 0 H-Q at 2415 and
‘ (23K)
: i ‘ NPSH at nominal Q/N
i i |
bog-11-9 011 P 278 H-Q at 2415 and
! | (23K)
. i NPSN at nominal Q/N
8-14-¢ 012 1 141 NPSH at 2415 and
| (23K)
i ! Low Q/N
8-14-9 | 013 | 148 NPSH at 2415 and
H a5
! ‘ (23K)
| ' High Q/N
©8-15-9 | 0l4 ;71 NPSH at 8400 and
| i ‘ (80K)
| ! : Low Q/N
| ) !
I 8-16-9 015 ‘ 41 NPSH at 8400 and
| (80K}
' High Q/N
! 8-17-9 o6 ! 5 9947 at Nominal Q/N
i ; {95K)
]
1 9-11-9 017 ! 30 NPSH at 8400 and
‘ (80K)
| High Q/N
|
| 9-13-9 018 0 H-Q at 9555
| (91K)
L—q-?s.q 019 20 % Q/N at 8505

¥

2625 and 4725
(25K, 45K)

2625 and
(25K,

3360
32K)

2625 and 4725
(25K, 45K)

2625 and 6510
(25K, 62K)

2625 and 6825

(25K, 65K)
2625 and 9030
(25K, 86K)

2625 and 8295
(25K, 79K)

2625 and 8190
(25K, 78K)

8610
(82K)

525
(5K)

2415
(23K)

2415
(23K)

2415
(23K)

8190
(78K)

8190
(78K)

9450
{90K)
8400
(80K)

9524
(90.7K)

8610
(82K)

Successful H-Q test
Programned cut

Cut During transition by
negative seal-turbine AP

Cut during transition by
low pump inlet pressure

Cut due to facility leak

Successful H-Q test
Programmed cut

Successful
limited by

H-Q point speed
turbine nas

Successful NPSH test cut by 2
drop in Py at Py = 15.2 N/cm (7 psig)

But by turbine_gas supply
PS = 29.7 N/cm? (28 psig)

Cut due to discharge pressure drop

Cut during transition by
Negative seal-turbine :P

Successful Test. Cut by,drop

in PD at PS = 14,5 N/cm® (6 psig)

Successful test. Cut by drop
in PD at PS = 16.6 N/cmé (9 psig)

Successful test., Cut b¥ drop
in PD at Pg = 13.0 N/cm (3.8 psig)

Successful test. Cut by drop
in PD at PS = 13.1 N/emé (4 psig)

Successful test. Cut by turbine
drive gas limitation

VSC Cutoff. Radial acceleration
exceeded redline of 15 q rms

Successful test.
gas limitation

Cut by turbine

VSC Cutoff., Radial acceleration
exceeded redline of 15 q s,
Shot bags added to detune housing

Turbine Overspeed Cutoff at 66+ Q/N
due to pump stall, Shot bags removed.
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An H-Q excursion between Q/N (Q/N)pgs = 0.822 and 1.403 was performed, and
pump isentropic efficiencies of 67.7 to 70.6% were achieved. No indications
of cavitation were noted. Rotor dynamic analysis indicated smooth pump
operation at 2520 rad/s (24,000 rpm) and 4725 rad/s (45,000 rpm), and during
transients.

Front or pump bearing coolant flowrates averaged 1.860 x 10_2 kg/s (0.0410
1b/sec) LHp. Maximum coolant temperature rise across the pump bearing was
2K (3 F).

Balance piston operation was smooth and as predicted.

The objective of tests 002, 003, and 004 was to obtain H-Q data at 6825 rad/s
(65,000 rpm). All three tests were terminated prematurely after some period
of operation at 2625 rad/s (25,000 rpm), when attempts were made to ramp to
6825 rad/s (65,000 rpm). Test 002 was cut during transition because of nega-
tive pressure differential between the shaft seal and the turbine wheel
upstream cavity. This temporary condition was rectified by modifying the
start rate to reduce the rate of pressure buildup in the turbine. Test 003
was cut when the pump inlet pressure dipped below redline as a result of
accelerating the long column of fluid in the inlet pipe. On test 004, a
speed of 6510 rad/s (62,000 rpm) was attained, but a liquid hydrogen leak in
the facility system forced termination of the test.

Corrective measures were taken for the above anomalies, and on test 005

a successful H-Q sweep was accomplished between 6090 and 7035 rad/s (58,000
and 67,000 rpm). No evidence of cavitation was found over the entire opera-
ting range. On test 006, the goal was to operate at the design speed of
9947 rad/s (95,000 rpm). In actuality, a speed level of 3030 rad/s

(86,000 rpm) was achieved. The lower speed level resulted from a substan-
tially higher head produced by the axial inlet pump configuration, evidently
because of the absence of cavitation and the fact that speed was limited by
available turbine power.

Tests 007, 008, and 009 were conducted at nominally 8400 rad/s (80,000 rpm)
with the objectives of obtaining cavitation data at nominal, high and low
Q/N values. Very low NPSH values of 27.5 m, (-90 ft) were achieved at each
of the three tests, but only at the nominal Q/N value (test 007) was actual
cavitation realized. The results of the tests bracketed the NPSH requirement
of the pump to low values over the entire operating range.

Test 010 with_the objective of H-Q excursions at pump inlet pressures of 65.5
and 13.8 N/cmé (95 and 20 psig), followed by a NPSH evaluation from 13.8 N/cm
(20 psig) at nominal Q/N, was terminated in transition by the negative differ-
ential pressure between the shaft seal and turbine upstream pressure. An
automatic ramp rate rather than manual speed increase was utilized for the
first time. Corrective measures were undertaken and test 011, with the
identical objectives as test 010, was then successfully conducted. No
cavitation was experienced down to a pump inlet pressure of 4.14 N/cm

(6 psig) at cutoff.
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Tes*s 012 and 013 were conducted successfully, which demonstrated NPSH
characteristics at 2415 rad/s (23,000 rpm) for low and high Q/N. No cavita-
tion was experienced at low Q/N down to a pump inlet pressure of 6.2 N/cm?
(9 psig) nrr was cavitation noted at high Q/N down to 2.61 N/cm? (3.8 psig)
pump inlet pressure.

The objective of test 014 was NPSH at 8400 rad/s (80,000 rpm) and low Q/N.
The test was successful and no cavitation was experienced down to a pump inlet
pressure of 2.75 N/cm? (4 psig). Actual speed was 8190 rad/s (78,000 rpm).

Test 015 was cut off during NPSH testing at high Q/N at 8190 rad/s (78,000
rpm) due to turbine drive-gas limitations. The test was successful and no
cavitation was experienced.

The objective of test 016 was to obtain data at 9947 rad/s (95,000 rpm) at
nominal Q/N. The test was terminated at 9450 rad/s (90,000 rpm) by the two
radial accelerometers exceeding the 15 g rms redline. High~frequency data
are analyzed in another section of this report. No hardware damage resulted,
and examination of the pump end bearings detected no problems or wear.

Test 017 was to determine NPSH characteristics at 8400 rad/s (80,000 rpm)
and high Q/N. The test was terminated by the turbine drive-gas limitations.

Shot bags were added to the turbopump housing in an attempt to detune the
resonance previously noted on test 016 at 9450 rad/s (90,000 rpm). Test 018
was conducted with the objective of an H-Q exc rsion at 9555 rad/s (91,000
rpm). The test was terminated by the VSC at 9524 rad/s (90,700 rpm) by the
radial accelerometers exceeding the 15 g rms level. The shot bags increased
the resonance level, but not as much as anticipated.

Test 019 was conducted to attempt a 54% operating point at 8505 rad/s
(81,000 rpm). This data point corresponds to a 10K thrust expander cycle
operating point. The test was terminated at 66% Q/N by the turbine overspeed
cutoff device when the pump stalled and fluid boiled out of the turbopump.
No apparent hardware damage was sustained as a result of the test. Prelimi-

; nary data analysis revealed no anomalies. Turbopump speed after the overspeed
cutoff reached approximately 11550 rad/s (110,000 rpm), which is the highest
rocor speed attained by the Mask 48-F turbopump.

e

The mechanical operation of the turbopump was excellent on all tests.
Accelerometer data indicated good rotor balance and smooth operation on all
tests except for the high resonance at 9450 to 9660 rad/s (90,000 to

92,000 rpm) on tests 016 and 018,

Pump Hydrodynamic Performance

A discussion of the pump hydrodynamic performance observed in the turbopump
test data is presented.
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Head and Efficiency. The pump pressure rise is shown as a function of the
discharge flow in Fig. 88 . Representative data points are shown at speeds

of 4712, 6282, 7853, and 9947 rad/s (45,000, 60,000, 75,000, and 95,000 rpm).
For comparison, the predicted pressure rise for each of these speeds is also
shown over a broad flow range. The predicted performance curve is based upon
predictions before adding the axial inlet and inducer. The inducer stage
adds additional pressure rise of a magnitude of approximately 55.2 N/cm

(80 psi) at design flow and 9947 rad/s (95,000 rpm). As can be seen from the
tigure, the head rise at all four speeds exceeds the prediction over the
entire flow range. At 7853 and 9947 rad/s (75,000 and 95,000 tpm) pressure
rise exceeds the predicted by 11% at the design flow coefficient . At the
two lower speeds, the slope of the measured head-flow characteristic is nearly
identical to the prediction; however, the data indicate a trend toward a
somewhat steeper head-flow relationship at 6853 rad/s (75,000 rpm). The data
points at 9947 rad/s (95,000 rpm) show a higher pressure rise than predicted.
There were several data poinfs measured during test -006 at this speed;
however, the measurements were taken at a constant flow-rate, and all the
points fell on top of one another. Therefore, only one point at the highest
speed for test -006 is shown on the graph. The other points are from test
-016 and -018 just before cutoff. The large imprc -ement in performance
observed at 9947 rad/s (95,000 rpm) is attributed to the axial iniet and
inducer design and its effect on eliminating the former existing cavitation
problem.

Using the pump inlet and discharge pressures and temperatures, the pump
isentropic efficiency can be calculated. This isentropic efficiency is very
sensitive to the temperature differential across the pump; therefore, at

the higher speeds with corresponding higher temperature differentials, the
accuracy of the temperature measurement is not as critical and a more accurate
efficiency can be determined. For example, near 9423 rad/s (90,000 rpm),

the temperature differential across the pump is 28 to 33 K (50 to 60 F) but,
at 4712 rad/s (45,000 rpm), it is only approximately 8 K (12 F).

The efficiency is expected to vary with Q/N (where Q equals pump flow in gpm,
and N is pump speed in rpm) and, due to the thermodynamic characteristics of
the hydrogen, will vary with speed. These effects are seen in Fig. 89, which
shows the isentropic efficiency versus pump flow at four different test speeds
scaled to 9947 rad/s (95,000 rpm). The predicted efficiency-flow character-
istic is also shown on the figure. Measured efficiencies are higher than
predicted and considered to be very good for the size and complexity of

this pump. The flow data cover a fairly wide range, and the shape of the
test data curves agree very well with tte predicted curve at both the high-
and low-flow conditions. With these curves, the data indicate that the peak
efficiency occurs at a somewhat higher flow than design point, but very near
the peak of the predicted curve.

Numerous internal pressure measurements were made at different points through
the pump. These internal pressures are, of course, most useful as diagnostic
jnformation to uncover the source of performance deficiencies, but no signifi-
cant performance deficiencies were uncovered in the present test effort. With
these internal pressures, a comparison with predicted internal pressures is
possible to indicate the consistency of the prediction at intermediate steps.
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Having met the overall pump performance prediction, it was expected that rhe
intermediate pressures would also be met. This is seen to be the case from
Fig.90 and 91 , which compare predicted and test pressures at several stations
ard at two different speeds. The actual test values are shown by symbols and
are arbitrarily connected by straight lines. This does not necessarily imply
that the pressure varies linearly with distance. For the predicted values,
the actual measured inlet and bearing coolant temperatures were used as a
starting point.

At the speed of 6125 rad/s (58,500 rpm) (Fig. 90), the measured values are
somewhat higher than the predicted values through the first-stage impeller
and diffuser, and the measured data exceed the predicted values by an even
greater margin in the second diffuser. At 9423 rad/s (90,000 rpm) (Fig. 91),
the measured ara predicted values are fairly close at each point through the
first-stage, with the measured data showing better pressure recovery through
the second stage radial diffuser than was predicted. The good performance in
the first stage, shown by the measured data at both speeds, is indicative of
good suction performance. Any potential cavitation problems have been
eliminated with the design of an axial inlet and inducer configuration. It
should be kept in mind that these measured pressures are local static pressure
and may not be truly representative of the average static pressure across the
station, and that this local value could easily vary from a true average at
changing speeds and flows. In general, the overall agreement between
measured and predicted values is considered to be very good. Figure 92 shows
the variation of the inteinal pressures versus flowrate for test -005 scaled
to 9947 rad/s (95,000 rpm).

Suction Performance. Two tests were run at 8295 rad/s (79,000 rpm) in which

tne pump inlet static pressure was reduced to the vapor pressure with two-
phase flow at the pump inlet. The ratio of flow to design flow was 0.70 and
0.95 on the two tests. Maximum recorded liquid-phase ?xction specific speed
was 39.42 rad/s (m3/s)% (J/kg)4 (108,000 rpm gpm /fe3 ), and minimum NPSH
was 13.1 meters (43 feet) as shown in Fig. 93. Pump inlet static pressure
is shown versus pump pressure rise in Fig. 94 , indicating significant head
falloff did not occur until there was two-phase flow at the inlet. Fig-

ure 95 shows NPSH versus pump pressure rise with the two-phase inlet test
points plotted at zero NPSH for indication. With two-phase flow at the inlet,
the fluid quality must be known to determine density, inlet velocity head,
and NPSH.

Idle-Mcde Test Results. Three tests were run at the idle-mode speed of

2415 rad/s (23,000 rpm). Pressure rise versus flowrate is shown in Fig. 96.
Flowrate range was from 0.259 to 0.972 kg/s (0.79 to 2.14 1lb/rec) at au
NPSH of 128 meters (420 feet) and above. The pressure rise slope is flat
from 0.363 to 0.545 kg/s (0.8 to 1.2 lb/sec) flowrate. The pressure rise at
lower NPSH is essentially the same as at higher NPSH. Pump isentropic
efficiency could not be determined accurately at 2415 rad/s (23,000 »m) due
to the low pump temperature rise of about 1.7 K (3 F).
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Figure 92, Scaled Static Pressure Rise in Pump Test 5
to 9947 rad/s (95000 rpm)
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Suction performance tests showed no pressure rise falloff dovn to where pump
inlet static pressure equalled the vapor pressure. Figure 97 shows pressure
rise versus NPSH. Shaded points have two-phase flow at the inle’. NPSH
could not be determined for the shaded points because fluid quality and den-
sity are not known. Density is required to determine inlet velocity head for
NPSH. Figure 98 shows pump pressure rise versus pump inlet static pressure.
No pressure falloff is shown for some points at lower inlet pressures than
when the vapor pressure first occurred. Figure 99 shows that discharge flow
did not decrease until after pressure falloff occurred.

Balance Piston Performance. 1In all of the tests, the balance piston appeared
to be functioning to achieve a good axial thrust balance. Internal pressures
were available at the third impeller discharge, within the balance cavity

and at the balance piston sump. The pressure within the balance cavity

would be expected to have a magnitude between the other two pressures,
Observation of the data indicated that the balance cavity pressure also seemed
to maintain a relatively constant position between the other two, indicating
a very stable operation through-all of the tosted points of operation.
Selected data slices are presented in Fig. 100 to illustrate this. The
balance piston position was between 23 and 267% of the balance piston travel
from where the high-pressure orific: was closed for all slices analyzed.

This is shown in Fig. 10l through 108 which present the balance piston para-
meters and indicated point of operation over a wide speed range.

Pump Stall Characteristics

The data obtained in test 019 is of particular value in that it defined the
low specific speed limits of the Mark 48-F turbopump from the standpoint of
stall and fluid boilout. Consequently, test 019 warrants a detailed examina-
tion, which is presented below.

Test 019 was planned to be a head-flow excursion at a constant speed of

8587 rad/s (82,000 rpm) from design flow coefficient to 54% of the design
flow coelficient. At 73% of the design flow coefficient, the pump head rise
dropped 3.2%. and the head-flow slope changed from negative to positive with
test time and decreasing flow. At 67% of the design flow coefficient, pump
discharge flow anu pressure dropped sharply, unloading the pump at full
turbine power, and causing an overspeed cutoff. Maximum pump speed at the
cutoff was 11414 rad/s (109,000 rpm). Analysis of stage and diffuser pres-
sute indicated the shift at 737 of design flow coefficient was the result of
a performance change in the first-stage diffuser reducing pressure recovery
across the diffuser. A review of earlier tests with flow coefficients near
70% of design showed the shifted, reduced head operating point was stable,
repeatable, and independent of speed :nd pump inlet pressure.

Observations from the CRT plots at the overspeed cutoff indicated pressures
upstream of the first-stage diffuser had increasing pressure spikes responding
to the flowrate drop and speed increase with some liquid in the rotating
elements. FPressures downstream of the first-stage diffuser shhwed a sharp
dropoff which indicated low density, vaporized hydrogen in the second- and
third-stage rotating elements.
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Figure 102, Balance Piston Performance (Test 1, Slice 6)
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Both the performance shift at 737 of design flow coefficient and the
overspeed cutoff at 67% of design flow coefficient were the result of perfor-
mance changes in the first-stage diffuser.

The pressure shift and overspeed cutoff are documented in the CRT plots in
Fig. 109 through 112 ., 1In Fig. 109 , the shift in pump discharge pressure
and the change in slope with time and reducing flow are shown along with the
sharp drop at the overspeed cutoff. Pump speed is shown in Fig. 110 . The
test was controlled for constant speed of 8587 rad/s (82,000 rpm) which is
shown across the shift and up to the time when the pump overspeed occurred
causing the cutoff. Figures 111 and 112 show the pump discharge flow-
measuring venturi pressure drop and the flow-controlling throttle valve
position. No significant deviation was observed at the time of the shift.
The throttle valve continued to reduce the flow toward the target of 547%

of design flow coefficient until interrupted by the overspeed cutoff.

Performance Shift. The overall pump head rise versus flow curve for the data
scaled to 9948 rad/s (95,000 rpm) is shown in Fig. 113 . The test began near
the design flow of 0.0396 m3/s (627.5 gpm). The head-flow characteristic
from design flow to the point of shift was comparable with previous tests at
8578 rad/s (82,000 rpm). The head rise dropped 3.27% across the shift. The
head-flow slope changed from a negative stable slope to a positive,

unstable slope, as the flow was reduced by the throttle valve.

The overall pump isentropic efficiency is shown versus scaled flow in
Fig. 114 . Prior to the shift, the efficiency characteristic was comparable
to previous tests. Efficiency dropped 4.9% or 3 points across the shift,

The turbopump was thoroughly instrumented with interstage static pressure
taps as shown in Fig. 115 . The pressure change across each element and stage
could be analyzed.

The scaled static pressure changes across each stage versus scaled flow are
shown in Fig. 116 . 7The characteristics that did not indicate a shift were:
1. The long diamonds of pressure change across the third stage
2. The square diamonds for the second stage
3. The triangles indicating the pressure change across the
first-stage inducer and impeller
The parameters that did indicate a shift were:
1. The circles for the first-stage diffuser and crossover and
the second-stage impeller

2. The squares for the first-stage inducer, impeller, and diffuser.

Parameters including the first-stage diffuser showed the shift,
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The scaled static pressure changes across each stage diffuser are plotted in
Fig. 117 . No shift is seen across the s2cond- or third-stage diffuser. A
shift of 22% is ¢ own in the pressure recovery across the first-stage dif-
fuser.

The conclusion drawn from Fig. 116 and 117 was that the pump performance

shift at 73% of design flow coefficient was rhe result of a performance change

in the first-stage diffuser.

After observing the shift in test 160-019 at 73% of design flow coefficient,
the other low flow coefficient tests, 160-005, 160-012, and 160-014 were
reviewed.

Tests 160-005 was a head-flow test at 6283 rad/s (60,000 rpm). The lowest
flow was 727 of the design flow coefficient. The head rise shifted downward
as the throttle valve was closed to get the 72% flow. The head rise at 72%
flow was below the charscteristics c.urve generated from the higher flow data.
As the throttle valve wes opened to get higher flow points, the head rise
shifted upward.

Test 160-012 was a 2409 rad/s (23,000 rpm) suction performance test with a
minimum target of 50% of design flow coefficient. As the throttle valve
was closed from 76% to 62% of design flow coefficient, the head rise shift
occurred similar to higher speed tests.

Test 160-014 was a suction performance test at 71% of the design flow
coefiicient and 8273 rad/s (79,000 rpm). Head rise at high NPSH was
plotted directly on Fig. 113 after the shift at a scaled flowrate of
0.0280 m3/s (443 gpm) and scaled head rise cof 46634 m (153,700 feet). No
significant dropoff of head rise occurred for an inlet pressure reduction
from 69.6 N/cm? (101 psia) (NPSH of 1067 m (3,500 feet) vo 13.78 N/cm?
(20 psia) (below liquid vapor pressure) (Fig.9)

No hardware changes were noted during the post test 160-016 disassembly
that would affect the first-stage diffuser performance.

The performance shift appears to be a stall condition in the first-stage
diffuser. The stall is relatively mild from an overall pump standpoint
although it results in over a 20% drop of static pressure rise across the
first diffuser. Prediction of this stall phenomenon would reauire analysis
of the diffuser vanes with the Rocketdyite Three-Dimensional Analysis

Program (R3DAF) and the boundary layer program. The occurrence of something
very similar was encountered during model testing of the Grand Coulee pumps.
This effect was greatly reduced by opening up the inlet area to the diffuser
by such means as cutting back the diffuser leading edges or by using a

fewer number of vanes. Similar techniques could be potentially used to
eliminate the performance shift on this pump. This "step" caused no problems
in pump operation on the Grand Coulee pump.
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Boil Out. Figures 118 through 120 are CRT plots of inducer discharge tip

static pressure, first-stage impeller discharge static pressure, and first
crossover inlet static pressure which also represents first-stage diffuser
discharge static pressure. At the overspeed cutoff, the pump inlet and
inducer and first-stage impeller discharge pressures spiked responding to

the increase in speed and decrease in flow. The pressure increase with speed
and flow drop indicates some liquid hydrogen in the first-stage rotating
elements after flow and pressure had dropped at the pump discharge. Inducer
static pressure rise head coefficients calculated before the cutoff and at

the maximum spike conditions were within 36% of each other showing the

inducer pressure approximately responding to the speed change during the
overspeed. However, because the pump inlet pressure also showed a spiking
condition, a waterhammer type of effect must also be present. That is, as

the flow is abruptly shut off, the pressure in the first-stage rotating
elements experience a waterhammer type of upsurge. This, too, indicates a
liquid in the inlet regions of this first stage. The first-stage diffuser
discharge pressure showed no pressure rise with the overspeed, only the sudden ,
dropoff that was typical of all pressures downstream of the first diffuser. ;

There are four potential explanations of the sudden performance change:

Pump stall
Cavitation due to velocity mismatch at the diffuser

Cavitation due to thermodynamic heating effects in the pump

s W N

. Increased thermodynamic heating due to a crack in the
second-stage impeller.

Each of these are discussed below and related to the observations from the
test data.

The pump has already demonstrated a stall phenomenon as experienced in the
performance shift previously discussed. The diffusion factor at the time

of the cutoff was 0.736 ignoring the effects of the initial stall; that is
considered to be much too high for safe operation without stall. Another
indication is .hat all pressures from the first-stage impeller discharge

and on upstream rose as the speed increased before they also decreased. All
pressures measured downstream of this impeller fell of f without rising first.

This problem is magnified by the arrangement of the leakage path. The

first diffuser sees the rear wear ring flow which has been heated by the rear
shroud pumping action. It is returned to the diffuser at an angle which is
different tfrom the vane angle. The second diffuser sees more than the pump
inlet flow by an amount equal tc the balance piston flow. The third diffuser
flow is essentially equal to the pump inlet flow.

The primary argument against a pure stall phenomenon is that test 160-012
had previously been run to an even lower flow coefficient without experi-
encing any similar effect. Test 160-012 was run at a lower speed 2409 rad/s
(23,000 rpm), and this could effect other operating features, but a pure
stall phenomenon should be flow coefficient related.
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Also, pump stall usually results in a loss in head and efficiency, but without
causing a sudden dropout of head so that a large change occurs in the absorbed
horsepower.

Cavitation is another possible cause. The pressure in this area at the time
of the performance breakdown was of the order of 689 N/cm? (1,000 psi). 1If
cavitation did occur, it would be due to high local over-velocities resulting
from the average calculated incidence angle of 0.0419 radians (2.4 degrees)
and the diffuser leading edge shape. The diffuser vane inlet angle is 0.140
radians (8 degrees). An inlet local velocity 1.53 times the average diffuser
upstream velocity can lead to cavitation.

The primary argument against a pure cavitation explanation is that test
160-014 was a suction performance test run at almost the same speed

8273 versus 8587 rad/s (79,000 versus 82,000 rpm) and almost the same flow
coeificient (0.71 versus 0.67 times design flow coefficient). Test 160-014
demonstrated two-phase flow pumping capability at much lower operating inlet
pressures than test 160-019. It is very unlikely that a major change in
suction performance capability would occur with such a small change in flow
coefficient.

From the purely thermodynamic heating standpoint, the first sign of a
problem would appear at the eye of the second impeller. This is the result
of adding hot hydrogen from the front wear ring and the balance piston.
However, the analysis shows that this heating is not a problem until the
inlet flow coefficient is much lower. Thus, it appears that the problem

is not basically a thermodynamic one. This is further supported by the
results of test 160-014 which experienced much lower inlet static pressures
which would lead to a more likely thermodynamic heating problem, yet none
occurred,

The pump teardown did show that the second impeller had experienced a crack
completely around the front shroud that would permit extra leakage flow from
the second impeller discharge into the second impeller near the eye. It is
generally assumed that the crack actually occurred due to the overspeed,

thus making it an effect of the problem rather than a cause. This assumption
is based on the fact that the pump had been previously run at over 9425 rad/s
(90,000 rpm) witlout any indication of a crack developing such that a crack
would not be expected to initiate at 8587 rad/s (82,000 rpm). However, if
the crack did occur at operating speed due, e.g., to dynamic loading
associated with off-design operation, the resulting effect on pump perfor-
mance would be significant. The Stress Department has indicated that the
crack width would be of the magnitude of 0.076 mm (0.003 inch) at 8587 rad/s
(82,000 rpm). This is comparable in magnitude to the front wear ring clear-
aace so that a comparable flowrate would be bypassed to the impeller eye,
This flow would have two negative effects. First 't adds extra heating to
the impeller inlet flow, and secondly, it enters into the impeller flow path
as a sheet that would have a major disruptive effect on the second impeller
flow field. This can be seen in Fig. 121 which shows the jet of flow
discharging in a direction almost opposing the through flow.
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Based on previous wear ring flow studies, thLe front wear ring flow at design
flow conditions would be approximately 0.09 kg/s (0.2 lb/sec). This compares
with an estimated impeller design flow of 3.33 kg/s (7.35 1lb/sec). However,
at the low flow coefficient of test 160-019, the impeller flow would be
reduced by approximately 30% with an increase in leakage flow. Assuming

only a 10% increase, the percent of flow entering the impeller through the
crack would be approximately

However, the crack through which this flow enter; the impeller is only about
0.178 mm (0.007 inch) wide which would lead to jet velocity of approximately
50 m/s (164 fps) where

1.1 (0.2) (144)

4 (m) (2.2) (0.007)

vV = = 50 m/s (164 fps)

The impeller flow meridional velocity is of the magnitude of 30.5 m/s

(100 fps) at this condition so that the jet could easily block a significant
amount of flow area and lead to a severe separation problem in the impeller
and possibly to a cavitation problem due to the resulting overspeeds near
the blocked inlet.

Thus, it can't be proven that the crack initiated at the 8587 rad/s

(82,000 rpm) operating condition; if it did, this could have caused the
resultant effects noted in the hydrodynamic parameters. If the crack weve
not the cause, then some combination of separation anu thermodynamic effects
would have to be postulated. For example, the initial separation, experi-
enced at even lower pump speeds resulted in cavitation. These two effects
would then interact to cause a significant blockage of flow at the diffuser
inlet which resulted in thermodynamic boilout or total stall such that the
pump horsepower absorbtion dropped off and caused the pump to overspeed.

Turbine Performance

The first-phase performance evaluation tests of the Mark 48-F turbopump
assembly were conducted with GHy turbine working fluid, and with LHy flow
through the pump. The results of these tests provide a comparison of the
power developed by the turbine with the power required by the pump to deliver
the measured pump heads and flows. These data additionally will establish
the overall turbopump performance.

The following power calculations were made:

1. Turbine-developad horsepower calculated with turbine isentropic
enthalpy [4H T ] available at the test pressure ratio, GH, work-
ing fluid mags-¥lowrate [ﬁt], turbopump speed [N.], and turbine
component efficiency at the respective test conditions
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2. Turbine Horsepower calculated with working fluid total temperature
drop [AT(T_T)] measured across the turbine, and GH2 working fluid
mass flow [wt]

3. Pump horsepower calculated with pump head and flow data at the
respective speeds selected for the analysis

Turbine test instrumentation .as located as shown on the turbopump assembly
drawing 9K0011560 in Appendix A and in Fig. 115 to obtain the following tur-
bine test parameters for the performance analysis:

1. Turbine total inlet temperature, T¢1», measured at the turbine inlet,
downstream of the preburner

2. Turbine inlet static pressure, Pg1» measured at the entrance to
the first-stage nozzle

3. Turbine exhaust total pressure, Py, measured downstream of
the turbine exhaust flange

4. Turbine exhaust total temperature, Ty2, measured downstream of
the turbine exhaust flange

5. Turbine speed, Nt

Turbine mass flowrate was calcualted with data obtained with a venturi and
orifice which were located, respectively, upstream and downstream of the
turbine.

The analysis was performed for a range of turbine velocity ratios (U/Co, T-T)
from 0.220 to 0.389 and turbine speeds from 4398 to 9027 rad/s (42,000 to
86,200 rpm). A tabulation of pertinent test data appears in Table 1l4.

The performance calculations, which utilized process hydrogen gas properties
at the test state conditions, are identical to those used previously to
establish turbine aerothermodynamic performance with GNp at the Wyle
Laboratories, El Segundo, California.

Turbine inlet total pressure was calculated as the sum of the first-stage
nozzle inlet static pressure, and dynamic pressure calculated at the entrance
plane of the first-stage nozzle. The total-to-total pressure ratio was
established with calculated inlet total pressure and turbine test exhaust
total pressure. The turbine-developed hor-epower calculation utilizea turbine
isentropic available energy (T-T) for the respective test pressure ratio,
calculated GH, mass flowrate corrected for GHjp compressibility (2) effects,
and turbine e%ficiency (T-T) corresponding to the test velocity ratio.

Turbine-developed horsepower was calculated from the equation
hptd = 1,415 x AT(T—T) X Cp X wt

where Cp = process specific heat
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Pump horsepower (h p) required to drive the liquid-hydrogen pump stages was
established with pump fluid horsepower (hppf) and the pump isentropic efficiency
parameter Npi as follows:

Pump horsepower, hpp = _Ppf

A plot of test hpigs tipe, and h p versus turbine velocity ratio (U/Co (T-T))
data appears in Fig. 122 for the test points appearing in Table 14. The overall
agreement 1is not as good as would be expected. The turbine horsepower calcula-
tions would be expected to be somewhat larger than the pump horsepower because
of parasitic losses.

A review of the test results indicates the hest agreement between hpyq and h P
is at a speed of 9027 rad/s (86,200 rpm) anc /Co of 0.389. At this operating
point, a difference of 333 kw (446 hp) exists between the 1752 kW (2348 hp)
turbine developed horsepower and the 1419 kW (1902 hp) absorbed by the pumn;
this represents a 19% difference when referred to turbine-developed horsepower.
This variance is attributed to the following conditions, which influenced the
test results:

1. The mixing loss resulting from hydrogen seal leakage entering the tur-
bine gas path -- This colder hydrogen flow originates at the pump and
reduces the available energy of the gas path turbine working fluid by
disrupting channel state corditions and velocities.

2. Turbine mass flow data were calculated with venturi and orifice test
parameters which experienced some calibration shifts and instabilities
in the higher turbine power test points -- A review of test conditions
and data indicates that calculated turbine mass flows were higher than
experienced during the test. An additional mass flow disruption was
caused by seal leakage entering the turbine gas path.

The net effect of these variances upon the calculated values of turbine-
developed horsepower, hptd, could possibly account for it being 19% greater than
pump required horsepower. A comparison of turbine (hpt) horsepower, calculated
with total temperature drop across the turbine indicates much better agreement;
there is only a 6.2% power difference with pump required horsepower.

In conclusion, a review of the turbine test results indicates the demonstrated
overall turbopump efficiency has met the performance objectives of this program.,

Bearings and Seals

Turbine Shaft Seal. Figure 123 shows the pressure drop across the .urbine shaft

seal as a function of pump speed. The results indicate that the pressure drop
across the seal increases as the speed increases which would be expected. This
results in a positive purge flow across the turbine seal, thus preventing con-
tamination cf the turbine coolant from the turbine gas.
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Pump Bearing. The pump bearing temperatures as a function of pump speed are
presented in Fig. 124. The pump inlet temperature, orifice upstream tempera-
ture, and the pump bearing temperature rise (i.e., the difference between the
irlet and orifice upstream temperatures) are shown in the Figure. it is shown
that the pump inlet temperature remains fairly constant over the entire speed
range, and the orifice temperzture increases as the speed increases. The pump
bearing temperature increases as the speed increases. The pump bearing tempera-
ture rise is approximately 4 K (8 R) at 9ud4 rad/sec (86,000 rpm) and 0.5 K

(1 R) at 2408 rad/sec (23,000 rpm), which indicates that the temperature rise
across the bearing is higher at high rpm since the load on the bearing is
greater. These data reveal that the pump bearing is performing as expected.

Pump bearing flowrate could not be accurately calculated because the temperature
upstream of the measuring orifice indicated the flow was two-phase due to the
bearing pressure drop and heat adcition. With two-phasc flow, the quality of
the fluid must be known to determine density and enthalpy. The data reduction
program used the vapor side density to calculate coolant flowrate.

Pump bearing parameters during two suction performance tests are shown in

Fig. 125 and 126. A bearing temperature rise of about 4 K (8 R) is shown for
both tests at high inlet pressures which compares with Fig 124, Test 007 in
Fig. 125 was near the design flow coefficient. The bearing temperature rise is
shown to decrease with reducing inlet pressure. It would be cxpected that the
bearing temperature rise would increase with reducing inlet pressure because the
bearing coolant flow decreases as shown by the decreasing bearing orifice
pressure ‘rop. However, the fluid at the bearing orifice is two-phase for all
slices in test 007. Since bearing heat addition should be nearly constant at
constant speed during the cavitation test, Fig. 125 indicates the pump bearing
coolant was adequate even at very low flow because the coolant did not tully
vaporize. The bearing fluid enthalpy mav be increasing, but it did not because
sufficiently to get to the vaper side of the dome.

Test 014 in Fig. 126 was run at a design flow ratio ot 0.71.  The bearving )
pressurcs and temperatures are cimilar down to an inlet pressure of 2006 N/em”
(30 psiad. Below 2006 N/em= (30 psta), the pressure drops ore similar, but the
orifice downstream temperature incerdases indicating that the bearing coolant
has fully vaporized.  FEven then, the temperature rise wis less than 14 K

(25 RM.

It is recommended that the turbopump not be operatea at very low inlet pressures
for long periods because of the low coolant flow and potential coolant vaporiza-

tion and loss of eftectiveness.

Turbine Bearing. The performance the turbine bearing is presented in

Fig. 127 . The pump discharge temperature, turbine bearing coolant temperature,
and turbinze bearing temperature rise is shown at various pump speceds.  The pump
discharge temperature is seen to increase as the pump rpm {nereases; however,
the turbine bearing coolant temperature remains nearly coastant at about 46 K
(83 R) up to 7014 rad/sec (67,000 rpm) before increasing to 61 K (110 R) at
9004 rad/sce (86,000 rpm). This results in a higher turbine bearing temperva-
ture rise at 2408 rad/sec (23,000 rpm) than at 9004 vad/sec (86,000 rpm).

173

g




90,000

|
70,000

]

[5]

;

&

o)

g g

Y

i .

58 8§ £

¥ 9" g o0

w w w c

x & & -

ze -'g P

w & ? -g @

x ¥ a

g3 £

3z » g

¢ 3 Q g .

3 & s _g 3

LB ~

55 ¢

ST

:—

28 48 b

e g g

1
10,000
L

1000

| ] ] | |
) 3 ) \ ® - o

H'IHNLvy3adnaL H'3ISIH IHNLVHIINIL ONINVY3IE dWNg
L 1 LNA—L L |1 |
z g “ ("] < ™ ~ - o

N IHNLYH IdWI | ¥ ‘3IsIy JUNLVYHIJNIL ONINY3E dWNd

174




(66T ‘¢ 3s®l) siajaweieq Suraeag dung

"GZT 2andr4

NEO\Z ‘IUNSS3Hd JILVYLS LITINI dWNJ

oy

o€ oz

1]

I

I I

(o13d) "IYNSSIWC J1LVLS LIINI dWNJ

D <

08 oL o9 0Ss oy ot oz ol
T T 1 I T T I t
—0

o)

-4 Z+
e B 23
— 9

--40
-4 0L

(NVIHLSNMOO-WVYIHLSEN INSINO q

(WVIHLSdN 3DNIIHO-LITINI) ONIYVY3IE dWnNd D L oz

NOILVLIAVYD "3dAl 1S31
960 ‘OlLvd MO13 N9ISIQ
\wdl 000°'64) SR LLZ8 :Q33dS

H ‘IONVHD JUNLVYHIINIL
ONIHW¥38 dWNd

(ped) "dOHA IYNSSIHd

L

[~]
-

M 'IONVHD JUNLVYHIINIL
ONIHVYIE ‘Wnd

z“‘lN 'dOHA IUNESIHG

e

Ly

¥




(6£6T ‘%1 3Sd1) Saa3awWeIBd Suraeag dung 97T 2an31d

NEU&Z ‘3UNSSIHd J1LVLS L3TINI dNNd
0L 09 ] oy ot oz ot

T | | I ! | 1
8d ‘3UNSSIHd JILVLS 13N dWNd

oot 06 08 oL 09 03 ov o So o }
. gl@l@@]ll -
_ _ T J T . o 2 oV 3 | 2 |
® v 2 1° & .
® v Cc P} 1
P m 4
A\ oz 5 1 3 :
X [=]
® v WV3HLSNMOG 3D131H0 O1 WV3H1SdN 301310 —d V - @ S da M )
v WY3HLSdN IDNHHOOLLINI —d T = @ m 7 i
98 | —e " |
T B | T L T T T o |
o © © o o |
o0 —s
oz —o
WY3HLSdN 3014160 O1 L3INI “3S1Y JunLveadnat — O O o© A
UNLVYIAWIL 13N ewnd — O -] s pm)
SUNLVHIINIL WVIHLSdN 3D141HO ONIHVIE diind — O 3 3
0o L
o o o A 3
(oo b x
W0 : OlLvH MOTd NOIS3a o OO 1% —J o “
NOILVLIAVD :3dAl 1S3 i
{wdi 000'8L) 8/P®4 1LZ8 1Q33dS — ‘
¥10-1831

176



saanieaaduws] Buraeag autrqanl /ZT 21n814

s/pes 03345
0008 0008 000L 0009 0005 000y 000€ 0002 [+ 141}
| | 1 | I | 1 | 1
wds ‘a33dS
00006 00008 0000L 00009 00005 0000¥ 0000€ 0000Z 00004
o
| I | [ | I T I
3514 3YNLYHIdW3L ON:HV3IE INISHNL —1*®
oz 1
3UNLVHIJWIL IDHBVYHISIA dWNd
- -
m
\0\0 : 1.3
© b
3 b
e c
S o
m — oy m
b x
JHNLVHIdWIL LINVIOOD ONIHYIE INISHNL oe
@] s e O a
—0s
3SI4 3IYNLVYHISWIL ONIYVY3IE 3MBEMNL -7 —{ 001
JHNLYHIIWIL AINVIOCD ONIYVYaE IntgsnL -5 Jos
JYNLVHIdWIL 3DE5VHISIG dWnd —O
ozl
~4 oL




The temperature rise is 20 K (36 R) at 2408 rad/sec (23,000 rpm) as compared to
9 K (17 R) at 9004 rad/sec (86,000 rpm). This probably indicates that more flow
1s going through the bearing at the higher pressures associated with the higher
speeds. It probably also suggests that the bearing load is small even at high
speeds so that little heat addition is occurring.

Dynamic Analysis

The objectives of the Mark 48-F dynamics investigation have been to identify

critical speeds, subsynchronous whirl or other dynamic ancmalies which may be
present within the operating range. Analytical and experimental methods were
used. A finite element computer model of the rotor was developed and rup to

obtain the calculated critical speeds and mode shapes.

During turbopump operational tests at the LIMA test facility, dynamic data were
collected from casing accelerometer and BRently proximeter instrumentation. Rap
testing of the test apparatus was also done. The dynamic data were processed in
oscillograph, amplitude mean squared (AMS), isoplot, and amplitude spectrum
forms. Analytical and experimental results were compared for correlation.

It was concluded thuat critical speeds exist at 3351 rad/s (32,000 rpm) and

6750 rad/s (64,460 rpm). No subsynchronous characteristics were observed. An
indication of a 12 per revolution blade wake amplitude was noted on tests 106 and
019. Amplitude increased significantly at approximately 2.2 seconds prior to
cutoff.

It is recommended that prior to any future testing, the rotor and casing be
independently rap tested to determine natural frequencies as an aid for future
analysis of system dynamics and bearing loads.

Objectives. The overall objectives of dynamics analysis of the Mark 48-F tur-
bopump were to note any possible dynamic problems and to make recommendations

concerning their resolution. Several areas of interest are of obvious impor-

tance. These are identification of critical speeds, subsynchronous whirl, or

dynamic anomalies which could be present within Lne operating range. To iden-
tify these phenomena, a combination of analytical and experimental techniques

.-ere used. With this in mind, the specific objectives of the dynamic investi-
gation may be stated as follows:

1. To develop and use an analytical model to determine the calculated
critical speeds and mode shapes for the Mark 48-F rotor over a range

of bearing spring rates

2. To experimentally identify the critical speeds of the Mark 48-F
turbopump and cempare the model to these

3. To check for the presence of subsynchronous whirl characteristics in
experimental data for the Mark 48-F turbopump

4. To check for the presence of dynamic anomalies i experimental data
for the Mark 48-F turbopump
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5. To make appropriate recommendations concerning the future design,
development and testing for the Mark 48-F turbopump

Analytical. For analytical determination of critical speeds for the turbo-
pump, the in-house structural response analysis program, V9567, was used. A
finite beam element model of the Mark 48-F rotor was developed for input to the
program. The important input quantities are stiffness and mass properties for
the rotor. Stiffress properties are estimated from the development of a 'load-
line diagram" which depicts the amount of rotor material available for stiffness
contribution. It is from this diagram that model element size is determined
Mass and inertia properties are calculated from a drawing of the rotor, knowl-
edge of material density, and use of the in-house PROP computer program. The
resulting model for the Mark 48-F turbopump contained 59 nodes and 67 beam
elements.

Two cases were considered. Case 1 is a case where the tie-bolt for the rotor
assembly is not supported at its midspan and is thus free to assume its own mode
of vibration, independent from the rotor as a whole. Case 2 represents the case
where the tie-bolt is stiffly fixed to the rotor assembly at its midspan and
thus not independent of the rotor assembly. Physically, these two cases repre-
sent the times when the midspan tie-bolt bushing does not snub and does snub
against the inner diameter of the rotor assembly, respectively. Since any
deflection of the tie-bolt relative to the rest of the rotor assembly will cause
it to snub, Case 2 is considered to be most realistic. Each of these cases was
run for a range of bearing spring rates.

Experimental. The Lima facility testing of the Mark 48-F turbopump were
fully assembled operational tests. The Mark 48-F turbopump was driven by pres-
surized hydrogen gas and pumped liquid hydrogen during these tests. Dynamic
instrumentation consisted of casing accelerometers, Bently proximeters, and a
shaft speed probe.

The casing accelerometers were capable of detecting primarily rotor/casing
accelerations, but would also detect the accelerations of the test structure as
a whole. Five accelerometers were used and their zonal locations are shown in
Fig.128.

Bently proximeters are magnetic probes which sense the gap between the casing
and the rotor shaft. Two Bently proximeters were installed on the Mark 48-F
turbopump; one at the pump end and one at the turbine end.

The speed probe is a magnetic sensor which detects spotfaces on the rotor shaft.
Four spotfaces are on the Mark 48-F turbopump speed nut, and therefore the
oscillograph of the speed probe shows four pulses per shaft revolution. Shaft
speed is then fcund by determining pulses per unit time.

All data from these devices were recorded simultaneously with an IRIGC B time
channel on magnetic tape for data processing. Three types of data processing
were used. These are oscillograph records, AMS records, and isoplots. Oscillo-
graph records are time histories of instrumentation responses. They give
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discrete data for each test at some point in time. Amplitude mean squared (AMS)
records display the squared value of a time averaged instrumentation response,
usually versus pump speed (normal averaging time is 200 ms). Isoplots give rela-
tive frequency response (much like a power spectral density) as a function of
test time for accelerometer responses. Each of these data processing techniques
has a different value in analyz.ng test results.

Detection of Critical Speeds From Experimental Data. During testing, the

Mark 48-F turbopump was instrumented with accelerometers, Bently proximeters,
and a speed probe for measurement of dynamic characteristics. Using this instyu-
mentation and the subsequent data prccessing (oscillograph and AlS records),
three methods were devised for the detection of critical speeds.

ID Method No. | utilizes accelerometer measurements and the oscillograph record.
Accelerometers are mounted on the case of the turbopu.o (Fig. 128). Accelera-
tions detected at the case may be expected to be large while the rotor is pre-
cessing at its critical speed. Thus, as pump speed approaches the critical

speed, acceleration levels tend to increase and, as pump speed moves away from
the critical speed, accelerations tend to decrease. D ring speed ramps in the
test, this phenomenon manifests itself as a "blossom'" in the oscillograph

record. Since the oscillograph relates all parameters of interest simultaneously,
pump speed may be read from one track, directly below the blossom.

Depending on how the data for each test have been processed, speed may be read
by counting speed probe pulses per unit time, from a d-c conversion or by count-
ing the one pulse per revolution disturbance noted by the accelerometers
themselves.,

This method of critical speed identification is considered by the author to be
the most reliable.

ID Method No. 2 utilizes the speed probe itself and the oscillograph record for
detection of a critical speed, the speed probe senses the slots cut in the speed
nut on the rotor shaft. On the Mark 48-F, the speed nut hac four slots. Thus,
for each revolution of the shaft, the speed probe,senses four pulses. While
operating at a speed other than the critical speed, these pulses appear nearly
equal in magnitude on the oscillograph record. While operating at a critical
speed, however, the precession of the rotor may cause the speed nut to assume
varying positions with respect to the speed probe during a shaft revolution.
Due to the varying distance of the slots from the speed probe, the amplitude

of the pulses begins to modulate. The frequency of the modulation should be
close to one four:h that of the speed probe pulses. An inspection of the
oscillograph record may reveal this modulation, and the critical speed can be
taken at that point from the oscillograph.

ID Method No. 3 utilizes the AMS record of casing accelerometers. A critical
speed appears as an abrupt resonance on the AMS (since the AMS is a square
function). From experience, a critical spead is considered to be positively
identified when at least 607% of the accelerometers respond simultaneously.
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Discussion of Results. Figures 129 through 133 show calculated critical speeds
and mode shapes for the cases with and without the tie-bolt spring included in
the :nalytical model. Case 1 represents that where the tie-bolt does not snub
against che ID of the rotor assembly. Thus, the tie-bolt is free to assume its
own critical speed independent of the rotor assembly as a whole. Case 2 repre-
sents the case where the tie-bolt is stiffly tied to the rotor assembly at its
midpoint and is therefore not independent of the rotor assembly. Case 1 shows a
much lower third critical speed and greatly different mode shape than those of
Case 2. This third critical speed of Case 1 may be interpreted as the "tile-bolt
mode." 1t may be seen that the fourth critical speed of Case 1 is nearly equiva-
lent to the third critical speed of Case 2. Thus, when the tie-bolt is stiffly
fastened to the rotor assembly, the third mode of Case 1 vanishes. This accounts
for the differeaces in the mode shape. Since any deflection of the tie-bolt will
cause it to snub agalnst the rotor assembly ID, Case 2 is the analytical model
which most closely represents the real conditions.

A summary of the dynawic anaivsis data developed during the study of the turbopump
is presented. Table 15 through 17, presents the identification of the first
through third critical speeds found from the three methods of critical speed
determination. Table 18 presents a comparison of the calculated and observed
critical speeds from the test program. Table 19 summarizes the turbopump accel-
eration levels at 8545 rad/s (81600 rpm) for the Lima test stand tests 17 through
19. The results show a reasonable correlation between the calculated critical
speeds and those observed for the first two modes from oscillograph data. Case 2
shows poor correlation with the observed critical speed for the third mode. Case 1
shows good correlation with the third mode, buf this seems unreasonable since its
correlation is even better than that of mode 1. Decreasing correlation would be
expected with higher modes ot vibration. Recalling that the nredicted third mode
is the tie-bolt mode and is not a realistic representation of the Mark 48-F turbo-
pump, explains why this improvement in correlation occurs. Therefore, according
to the model, the third sritical speed should be near 13509 rad/s (129000 rpm) and
according to experimental results, a critical speed occurs at 9676 rad/s (92400 rpm).

The mode shape for the third critical speed is a whipping of the pump end of the
rotor. 1f the observed %h7h rad/s (92400 rpm) critical speed is real, then the
speed probe and Bently proximeter data should detect this motion. Examination
of the oscillograph data for -018 and -019, however, does not indicate its pres-
ence. The possibility exists that the observed critical speed is really a pump
excited structural resonance. Posttest inspection of the components shows them
to be in good condition. Althiough vibration "euts" were experienced in testing,
n. signs of rubbing appear on the rotor.
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TABLE 15. IDENTIFICATION OF FIRST CRITICAL SPEED FOR MARK 48-F TURBOPUMP

Critical Speed, rad/s (rpm)

Lima
Test ldentification Identification Identification
No. Method No. 1 Method No. 2 Method No. 3
-015 ND* ND ND
-016 3,299 3,848 NA** NA

(31,500)/(36,750)
-017 3299 (31,500) NA 3519 (33,600)
-018 3299 (31,500) ND NA
-019 3519 (33,600) ND 3560 (34,000)
*ND - Data "Not Distinguishable"
**NA - Data "Not Available"

TABLE 16. IDENTIFICATION OF SECOND CRITICAL SPEED FOR MARK 48-F TURBOPUMP

Critical Speed, rad/s (rpm)
Lima -
Test ldentification Identification Identification
No. Method No. 1 Method No. 2 Method No. 3
-015 6676 (63,750) ND* 6723 (64,200)
-016 6597 (63,000) NA** NA
-017 6880 (65,700) NA 6912 (66,000)
-018 ND ND NA
-019 6849 (65,400) ND 7137 (68,150)
*ND - Data "Not Distinguishable"
**NA - Data "Not Available"
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TABLE 17. IDENTIFICATION OF THIRD CRITICAL SPEED FOR MARK 48-F TURBOPUMP
Critical Speed, rad/s (rpm)

Lima

Test Identification Identification Identification
No. Method No. 1 Method No. 2 Method No. 3
-015 -—- -- --

-016 9425 (50,000) NA* NA

-017 ND NA 8419 (80,400)
-018 ND ND** NA

-019 9922 (94,800) ND 8667 (82,760)

*NA - Data "Not Available"

**ND - Data "Not Distinguishable®
--Test -015 Not Run To Third Critical

TABLE 18. COMPARISON OF CALCULATED AND OBSERVED CRITICAL SPEEDS
Average
Observed Calculated Critical Speed, rad/s (rpm)
Critical| Critical Speed,

Speed ID 1; rad/s (rpm) | Case 1 | % Difference| Case 2 | % pifference
First 3,351 3,042 9.2 3,043 9.2
(32,000) (29,053) (29,054)

Second 6,750 5,710 15.4 5,744 14.9
(64,460) (54,529) (54,852)
Third 9,676 9.017 6.8 13,574 39.6
(92,400) (86,107) (129,623)
Note:
1. Observed critical speeds taken as true values for percent difference

calculations.
2. Bearing spring rate taken as 300,000 1b./in.
Model without tie-bolt spring
Model with tie-bolt spring

3. Case l:
Case 2:
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TABLE 19. MARK 48-F TURBOPUMP ACCELERATTON LEVELS AT 8545 rad/s
(81,600 rpm) FOR LIMA TESTS -017, -018, AND -019

Lima Acceleration, 4 p-p

Test

No. PRA PTA TRA TTA TAA

-017 8.7 5.5 10.1 11.5 20.5
-018 13.9 7.6 10.1 17.0 17.1
-019 13.4 8.5 10.5 19.1 30.0

Structural rap testing was performed at the Lima facility for the purpose of
identifving test stand structural resonances. The raps were made in likely loca-
tions at the turbine end of the apparatus. Accelerometer data obtained from the
rap test were processed into amplitude spectrum graphs (rms acceleration versus
frequency) from which predominant frequencies were recorded. The rap locations
and test results are summarized in Table 20.

Table 20 shows that the three structural resonances exist very near the observed
critical speed. All three of these resonances were detected by rap testing near
the turbine end exhaust support frame. Lima-018 and -019 tests show that the tur-
bine end accelerometer responses are higher than those of pump end accelerometers
at cutoff. The resonance of 1581 Hz shows identical correlation with test -019
observed critical speed of 9927 rad/s (94800 rpm). Therefore, it is concluded
that the observed critical speed of 9676 rad/s (92400 rpm) is most probably a

test stand structural resonance.

Test data from tests -018 and -019 are presented in the form of Isoplots in Fig.
134 and 135. The Bently proximeter test data for test -019 is given in Fig. 136.
From the data shown in Fig. 134 and 135 it mav be observed that no subsvnchronous
characteristics are exhibited.

From analvsis of the data in Fig. 135, it is concluded that a signiticant increase
{n the 12 per revolution blade wake amplitude occurs at approximately 2.2 seconds
prior to cutof f. At approximately 2.6 seconds prior to cutoff, the Bently prox-
{meter data of Fig. 136 show initiation of significant 40 Hz oscillations. Because
of their close correlation in time, these accurrences are considered to be related.

Conclusions. From the results presented in Table 18, it is conciuded that the
Mark 48-F turbopump critical speeds for the first and second modes are 3351 rad/s
(32000 rpm) and 6750 rad/s (64460 rpm), vespectively. These critical speeds show
reasonable correlation with the analvtical model. Tt is further concluded that
the observed critical speed of 9676 rad/s (92400 rpm) is most probably a test
stand structural resonanee.
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Beatly Proximeter Data (Test 019)

Figure 136.




From the data shown in Fig. 134 and 135, no characteristics of subsynchronous
whirl are observed for the Mark 48-F turbopump.

From the analysis of the data in Fig. 133, it is concluded that a significant
increase in the 12 per revolution blade wake amplitude occurs at approximately
2.6 seconds prior to cutoff. The Bently proximeter data of Fig. 135 shows
initiation of significant 40 Hz oscillations. Because of their close correlation
in time, these occurences are considered to be related.

Recommendations. It is recommended that prior to any future testing of the
Mark 48-F turbopump, the rotor and casing be independently rap tested to deter-
mine natural frequencies as an aid in future analyses of system dynamics and
bearing loads. The casing accelerometer data identifies resonances, but it is
often difficult to deterr.ine whether the observed resonance is a rotor mode or
a casing mode. Rap tescting is a fast, accurate, cost-effective method of iden-
tifying rotor and casing frequencies.

Turbopump Disassembly and Hardware Evaluation

Turbopump S/N 01-2 was completely disassembled after the 1979 test series and
the detail components were examined for signs of excessive wear or incipient
failure. The hardware evaluation consisted of detailed visual inspection of all
components, followed by penetrant and X-ray tests of the most critical parts.
Figures 137 through 146 illustrate the posttest condition of the parts. All
components were in excellent condition with the exception of the second-stage
impeller which had a crack in the electron beam weld joining the pre-imreller to
the main impeller front shroud. Figure 137 includes the three impellers, both
turbine wheels, turbine second-stage nozzle, and bearing package components.

The two crossovers and axial inlet ports are illustrated in Fig. 138. The
first-stage turbine wheel and second-stage nozzle are included in Fig. 139. The
second-stage wheel is shown in Fig. 140 with the cover which includes the copper
plated tip seal. A satisfactory rub pattern in the copper plate is evident in
Fig. 140. Some of the instrumentation is shown in Fig. 141 with the shaft seal
and tie bolt. A close-up view of the latter two pieces is presented in

Fig. 142, showing the rub pattern on the dynamic seal portion of the tie bolt.

A typical bearing condition is exemplified in Fig. 143. The close-up views
shown in Fig. 144 through 146 illustrate the condition of the silver plated
first-, second- and third-stage inlet step labyrinths. Some rubbing has taken
place at each step labyrinth, but without detrimental long term effects.

The crack incurred in the second-stage impeller is shown in Fig. 147 . A cross
section of the impeller, illustrating the location of the electron beam weld
joint is included in Fig. 148 . Analysis with the aid of X-rays revealed that
the electron-beam weld center was not located precisely on the interface between
the two parts. As a result, the interface was fused only over part ot the
depth. The weld is not a structural Joint from the standpoint of either detail
needing it to sustain centrifugal loads. Its function is to prevent fluid
recirculation and to provide a path to transmit torque from the main impeller
hub to the preimpeller. Since there is sufficient radial interference at the
hub between the two components to accomplish the latter function, the impeller
could have continued to operate with possibly some increase in internal leakage.
The impeller was not destroyed for the analysis; plans are to reweld the joint

viith a properly located electron beam weld pass, and continue to use it in
furure testing.
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Shaft Seal and Tie Bolt

Figure 142.
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First Stage Crossover and Second Stage Wear Ring

Figure 145.
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CONCLUSIONS

From the results of the testing and analysis of the axial inlet configuration it can
be concluded that the modified turbopump exhibits the following characteristics:

1. Adequate forward and aft bearing cooling during operation

2. Satisfactory balance piston operation at all speeds
3. FExcellent suction performance at all operating speeds

4. Excellent head-flow efficiency pump characteristics

The high temperature level of the front bearing coolant noted in prior testing
evidently was caused by heat soakback from the massive instrumentation cap. With
the axial inlet, the temperature rise was small. Minor changes in the turbine
end bearing coolant system to increase coolant flow corrected the high temperature
levels of the coolant emanating from the bearing on previous testing programs.
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The test results and analysis indicate the balance piston is operating satisfac-

torily at all operating speeds. Analysis indicates the balance piston position

is nearly centered in its balance range, and adequate margin exists over the !
operating range of the turbopump.

From the test data, it can be concluded that the modifications implemented, includ-
ing the axial inlet and inducer addition, has resulted in excellent pump suction
performance. Values in excess of 36.7 (rad/s) (m3/s)1/2/(J/kg)3/4 = (100,070
rpmegpm 1/2/ft3/4) were obtained at high pump speeds. In the idle-mode conditions
(2400 rad/s, 23,000 rpm), a capability of operating at zero NPSH without head loss
was demonstrated. The increase in area at the inlet eye of the impeller to accept
the wear ring leakage flow and the incorporation of an axial inlet with an inducer
are credited to the large improvement in suction performance.

T

The head generated by the pump exceeded design requirements, and the isentropic
efficiency was higher than predicred. It is concluded that this improvement over
the previous test configuration is caused by the elimination of the cavitation
effects by the aforementioned methods. A pump stall condition at flows below 70%
of design flow was observed and documented.

During the testing, a resonance condition was identified around 9634 rad/s,

(92,000 rpm) manifested by an increase in vibration levels. Rap tests of the

turbopump and test stand and analysis of the test data indicate that it is a hous-

ing or test stand resonance condition. Additional effort is recommended to isolate
‘ and identifyv this phenomenon.

From the evaluation of mechanical integritv, the turbopump operated well, The dis-
assembly of the unit disclosed a crack in a nonstructural weld in the second-stage

impeller front shroud. This was traced to a weld qualitv deficiencv and is easily

correctable. All other turbopump components were in excellent condition.

In genera. it can be concluded that the test program was oxtremely successful and
the mo?{fications made to the turbop.mp achicved their purpose, with the turbopump
exhibiting excellent performance characteristics.
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APPENDIX A

MARK 48-F TURBOPUMP
ASSEMBLY DRAWINGS
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